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The main aim of this study was to investigate the spectroscopy and kinetics of 
short-lived organometallic carbonyl species This study can be partitioned into three major 
parts.  The first part of the study focused on a comprehensive investigation of time-
resolved step-scan Fourier-Transform infrared (TR-s2-FTIR) spectroscopy of 
photogenerated transition-metal carbonyl radicals. The aim was to obtain the TR-s2-FTIR 
spectroscopic data of the photogenerated seventeen electron transition metal carbonyl 
radicals by using three different methods of generating the radical species, namely, (1) 
532nm photodissociation of metal-metal bond, (2) abstraction of hydrogen, halogen or 
methyl from monomeric transition metal carbonyl species, and (3) fast radical ligand 
substitution. The scope of study involved (1) developing the time-resolved step-scan 
Fourier-Transform infrared (TR-s2-FTIR) spectroscopy experimental setup, (2) 
determining the IR bands and life-times of the detected radical species, (3) investigating 
the effect of the stereo-electronic of various phosphine ligands on the spectroscopy and 
kinetic of the transition metal carbonyl radicals, and (4) providing an assessment on the 
suitability of all three methods. The spectroscopic and kinetic data obtained from our 
experiments could help researchers to identify unknown relevant catalytic intermediates 
during the spectroscopic monitoring of the catalysis. Results of this study may help to 
shed light on a variety of transition metal carbonyl-catalyzed reactions in which the 
transition metal carbonyl radicals and their phosphine derivatives have been implicated as 
key reaction intermediates in solution. 
 
 8
The second part of this study focused on the FTIR spectroscopy of iron carbonyl 
intermediates in isomerization of allylic alcohols to aldehydes. The aim was to obtain 
convincing evidence to support the postulated catalytic mechanism of photoisomerization 
of allylic alcohols by making the direct observation of the intermediates involved in the 
catalytic cycle during the isomerization of allyl alcohols. The scope of study involved (1) 
utilizing the less-toxic Fe3(CO)12 and Fe(CO)4PPh3 as the pre-catalyst rather than the 
highly volatile toxic Fe(CO)5, (2) utilizing laser beam irradiation as the excitation source 
for generating the active catalytic species at higher concentrations, (3) identifying the 
active catalytic species from the in-situ FTIR monitoring of the photo-isomerization 
processes, (4) providing the kinetic evolution of each intermediates species based on the 
spectral evolution of the precursors, intermediates and final products during the actual 
isomerization process, and (5) determining the optimized experimental condition for the 
catalytic reaction. This part of the study excluded the use of broadband xenon lamp 
source to initiate the catalysis as it would be too weak to produce any measurable amount 
of carbonyl intermediates. The data obtained from this study may enhance our 
understanding of the isomerization of allyl alcohols. 
 
The final part of this study focused on the kinetics of methyl abstraction from 
CpFe(CO)2Me using benzyl radical clock. The aim was to develop simple and convenient 
methods of conducting the quantitative measurements of methyl transfer processes. Such 
transfer processes could be the important step within the catalytic cycle. The scope of 
study included (1) photolytic activation of the organic precursors to produce benzyl 
radical clock system in non-polar solvent, (2) determination of the methyl abstraction rate 
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and (3) computational chemistry of the abstraction processes. Fundamental studies on the 
metal-carbon bond strengths were not discussed in detail here. Kinetic data obtained from 
these transfer processes should be helpful for identifying the significant factors that 
influence the performance of the catalytic reactions as well as providing a better 




Chapter 1: Introduction 
 
1.1. Organometallic chemistry for homogeneous catalysis 
Solution phase organometallic chemistry has been an area of interest for many 
years. It is also an indispensable topic for most of the synthetic organic chemists since 
many multistep organic synthesis pathways involve at least a catalytic reaction using 
organometallic complexes. Organometallic complexes were originally defined as metal 
complexes with one or more metal-carbon bonds. Nowadays, those metal complexes with 
ligands such as phosphines, hydrides or amines are also accepted as organometallics. A 
number of important terms, properties and reactions of organometallic complexes are 
summarized in Figures 1 and 2 and Table 1 [1]. In this section, some important aspects of 
organometallic chemistry as applied to homogenous catalysis will be discussed with 
particular focus on transition metal carbonyls as catalysts.  
We would start our discussion by looking at the several reasons [1, 2] on why  
organometallic complexes are able to effectively catalyze various useful reactions by 
accelerating the cleavage and formation of chemical bonds without being consumed or 
destroyed in the catalytic progress. First at all, almost any molecule with a functional 
group can coordinate to a specific metal centre of organometallic complexes whereby 
upon coordination, the reactivity of this functional group may change dramatically and 
eventually attacked by another species leading to the completion of a particular catalytic 
cycle. Secondly, highly reactive species especially photogenerated 16- or 17-electron 
organometallic species can be stabilized in the solution phase and react further in a 
controlled and productive way. Thirdly, two molecules can coordinate to the same metal 
centre leading through proximity to an enhanced probability of reaction. Last but not least, 
the presence of appropriate ligands can exert some control on the occurring reactions, 
















L L L X L  
 
Metal center (M) • Charge 
• Oxidation state and electron configuration 
• 18-electron rule 
• coordination number and geometry 
Ligands (L, X) • binding mode, number of donated electrons 
• electronic properties (charge, donor strength) 
• steric properties (cone angle) 
Important ligands L = PR3, CO, C=C, NR3; X = Cl-, H-, R-, Cp- 
(R = alkyl; Cp = cyclopentadienyl) 
 
Figure 2 Important elementary steps in a organometallic catalysis reaction. Taken from 
reference [1]. 
 
• Oxidative addition and reductive elimination 
Mn + A-B → A-Mn+2 + B 
A- Mn+2 + B → Mn + A-B 
Examples: 
A-B = X-X, H-H, R-X, R-H, RCO-X; M = Pd(PR3)2, Rh(PR3)2X (X = halogen) 
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A L  
Examples:  
A = CO, CO2, C=C; X = H, R 
 
• Transmetallation 
R-M + M’-X → R-M; + M-X 
Examples:  







Table 1 Selected organometallic complexes, their geometry and preferred reactions. 


































Rh(PR3)3XH2  Octahedral Reductive elimination 
 
 
To illustrate the above-mentioned points, a close examination of a recently 
discovered catalytic cycle in which C-C bond cleavage of acetonitrile and C-Si bond 
formation in the reaction of MeCN with Et3SiH promoted by an iron catalytic precursor, 
CpFe(CO)2Me will be presented (see Scheme 1) [3, 4]. In the first place, the catalytic 
active species CpFe(CO)Me has to be generated by photodissociation of a CO ligand 
from the stable CpFe(CO)2Me upon uv light irradiation. Once generated, 16-electron 
CpFe(CO)Me induces an Si-H bond activation of Et3SiH yielding 
 14
CpFe(CO)Me(H)(SiEt3). Subsequent irreversible reductive elimination of CH4 from 
CpFe(CO)Me(H)(SiEt3) to give CpFe(CO)(SiEt3) occurs. Following this process, the 
other substrate, MeCN in this case, may bind to CpFe(CO)(SiEt3) to give 
CpFe(CO)(SiEt3)(η2-NCMe). CpFe(CO)(SiEt3)(η2-NCMe) is then believed to have 
isomerized to CpFe(CO)(Me)(η1-CNSiEt3). Detachment of Et3SiNC from 
CpFe(CO)Fe(Me)(η1-CNSiEt3) to reproduce the catalytically-active CpFe(CO)Me is 
possible and thus complete the catalytic cycle. The released Et3SiNC may isomerize to 
yield the final organic product, Et3SiCN. At this point, it is important to note that the 
above mechanism, as with many other organometallic-catalysed reactions has not been 
well-supported by experimental evidence of the key intermediate species and kinetic data. 
Nevertheless, the reaction pathways would often involved most if not all of the 
organometallic-type transformation as mentioned previously.   
Although the application of homogeneous catalysts has proven especially fruitful 
for the synthesis of fine chemicals such as Et3SiCN, catalytic reactions using such 
catalysts also have drawbacks since some of the catalytic precursor complexes are often 
troublesome to prepare and handle due to their air- and moisture-sensitivity and low 
stability. In addition, the presence of an organometallic catalyst may add to the 
complexity of a reaction and renders the reaction pathways much more difficult to 
understand. For example, in the above case of the CpFe(CO)2Me-catalyzed reaction, 
CpFe(CO)(SiEt3) produced in the catalytic cycle is expected to react mainly with MeCN, 
but it may also react with Et3SiH that is present in solution to give CpFe(CO)(H)(SiEt3)2. 
Et3Si-SiEt3 may be formed if the two silyl groups are eliminated reductively from the 
species. As such, the reaction of CpFe(CO)(SiEt3) with MeCN can only become 
dominant, and the catalytic cycle is expected to work more effectively if the reaction of 
CpFe(CO)(SiEt3) with Et3SiH is suppressed by controlling the molar ratio of Et3SiH and 
MeCN. Despite this, it is often possible to postulate a sequence of such elementary steps 
that adequately explains the observed products using kinetic as well as structural 
information. 
 
Scheme 1 Proposed catalytic cycle for the catalytic C-C bond cleavage and C-Si bond 






































1.2. Applications of organometallic complexes in homogeneous catalysis 
Homogeneous catalysis particularly in solution phase plays an important role both 
in the laboratory and in industry. The practical applications of organometallic complexes, 
particularly as homogeneous catalysts, was most likely initiated by the discovery of the 
carbonylation of alkenes and alkynes by metal carbonyls such as Co2(CO)8, Ni(CO)4 and 
Fe(CO)5 to produce aldehydes, carboxylic acids, esters and alcohols [5]. For the past few 
decades, much attention has been focused on the novel syntheses and applications of 
various organometallic complexes as the active catalysts for many industrial processes of 
homogeneous catalysis. Some examples of such reactions would be best described by 
partitioning them into two main categories namely C-C coupling reactions and 
carbonylation reactions.  
C-C coupling reactions catalyzed by organometallic complexes open up new and 
important synthetic routes that have no analogies in classical organic chemistry. A 
striking example is the Heck reaction, the Pd-catalyzed reaction of olefin with an aryl 
derivative in the presence of a base, where a vinylic hydrogen is formally replaced by an 
aryl group as shown in Scheme 2 [6-8]. Until now, several production processes have 
been developed using the Heck methodology. For instance, the Dead Sea Company 
produces octyl-4-methoxycinnamate, the most common UVB sunscreen, via the Heck 
reaction. In addition, palladium- and nickel-catalyzed cross coupling reactions of organic 
halides with organometallic complexes have been developed to a point where they are 
powerful tools for the synthetic chemist. Some of these are now even established as so-
called ‘named reactions’ such as the Suzuki [9, 10] and Stille [11] coupling reactions (see 
scheme 3) where the arylboronic acids and the aryltin substrate are compatible with 
nearly all functional groups. 
 




















Scheme 3 Different types of cross coupling reactions. Taken from reference [9]. 
 
Pd or Ni catalyst
R-R' M-X++  
R, R’’ = aryl, vinyl, benzyl, allyl, alkyl; X = Cl, Br, I, Sulfonate, diazonium 
M = B (Suzuki coupling), Mg, Zn, Sn (Stille coupling) etc. 
 
A carbonylation reaction, sometimes also called carboxylation, could be defined 
as a reaction that uses CO as a C1 building block (see Scheme 4) [1]. These reactions are 
catalyzed by transition metal catalysts such as Rh, Pd, Co or Ir complexes. Carbonylation 
chemistry has been used for the synthesis of bulk chemicals for over 50 years and several 
large processes are still in operation [12]. Three very impressive examples of 
carbonylation reactions would be the production of acetic acid from methanol (Monsanto) 
[13], Pd-catalyzed carbonylation of aromatic halides [6] and the hydroformylation of 
alkenes [12]. 
 












In recent years, successful applications of organometallic complexes in industry 
involved new polymerization processes with zirconium and related metal complexes, new 
carbonylation processes employing palladium and rhodium, ring opening polymerizations 
and new enantioselective isomerization catalysts as in the preparation of menthol [13]. A 
new trend is the application of these homogeneous catalysts for the synthesis and 
production of multifunctional, more complex molecules such as agrochemicals and 
pharmaceuticals [14]. 
 
1.3. Organometallic intermediates in homogeneous catalysis 
In homogeneous catalytic processes, a reaction occurs via several elementary 
steps within a catalytic cycle; each step involves one or more chemical intermediates 
which may be consumed very rapidly during each stage of the reaction. In most of these 
reactions, the identities of the actual catalytic species have to be deduced. For instance, 
 
Nu = H, halide, OR, NHR; R = alkyl, aryl, vinyl 
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solution phase olefin hydrogenations [15, 16] and polymerizations [17] are now known to 
be induced by seventeen-electron organometallic radical species instead of stable 
complexes. These catalytic-active intermediates are normally short-lived, existing for 
only thousandths of a second or less during the process. Most of the time, their fleeting 
existence could not be picked up by most sensors. Detection of these intermediates is 
important because their distinctive chemical properties can aid in understanding the 
nature of a catalytic chemical reaction, allowing us to further explore the detailed 
mechanism of the catalytic reaction. From the basic research point of view, the structures 
and spectroscopic properties of the intermediates are also of interest. 
By far, most work concerning detection of intermediates lie in the 
photoisomerization of alkenes. For instance, in pentacarbonyliron(0), Fe(CO)5-
photocatalyzed hydrogenation and isomerization of alkenes, coordinatively unsaturated 
Fe(CO)4 and Fe(CO)3 species were postulated as the reactive species responsible for the 
catalytic cycle [18].  Similar isomerization process such as the homogeneously-catalyzed 
isomerization of allylic alcohols to carbonyl compounds mediated by photolabile iron 
carbonyl species such as Fe(CO)5 and Fe3(CO)12 has been the topic of interest for many 
years [19, 20]. Allylic alcohols can be isomerized by iron and ruthenium compounds to 
form aldehydes, the dominant tautomeric form of vinyl alcohols. Although extensive 
work on the tandem isomerization-condensation reactions for transportation of allylic 
alcohols to aldols have been reported in recent years [21, 22] and literature reviews can 
be found on the isomerization of allylic alcohols to aldehydes [19, 20] there have been no 
report on the direct detection of the intermediates of the actual catalytic process.  
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Although the proposed active catalyst Fe(CO)3 and other catalytically significant 
intermediates such as HFe(CO)3(allyl) and Fe(CO)4 have been photochemically-
generated and spectroscopically-observed under low-temperature matrix [23], solution or 
gas phase conditions [23, 24], these studies have only revealed information on the 
catalytic pathways of isomerization of alkenes. Even after a theoretical study on the 
mechanism of iron carbonyls-mediated isomerization of allylic alcohols to saturated 
carbonyls has been established [25], a more convincing evidence to support the catalytic 
mechanism of photoisomerization of allylic alcohols could be obtained if the intermediate 
species involved in the catalytic cycle could be detected directly during the catalytic 
process. 
As such, availability of sufficient mechanistic information is useful for 
determining the overall performance of the reaction dynamics which would lead to a 
systematic way of improving the catalytic efficiency. Moreover, the kinetic data of the 
reaction mechanism would enable us to predict how quickly a catalytic reaction 
approaches equilibrium. The rate might depend on variables under our control, such as 
pressure, temperature and perhaps the discovery of a much more efficient catalyst.  We 
might be able to optimize a particular variable by the appropriate choice of conditions.  
Consequently, the development of techniques for detection of these short-lived 
organometallic intermediates in homogeneous catalysis remains a vital scientific goal.  
 
 
1.4. Spectroscopic techniques for probing organometallic intermediates 
Advances in spectroscopic techniques over the last two decades have driven our 
sense of time from observations of reactions of photochemical fragments taking place in 
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milliseconds (ms) to direct observations of vibrationally-hot species within femtoseconds 
(fs) of interaction with a photon [26]. Among the techniques for detection of 
intermediates, frozen matrix studies have been excellent for the examination of 
photochemical intermediates and in certain circumstances may even permit detection of 
photochemical and thermal transitions between isomeric forms of an intermediate [27, 
28]. In these methods, the reactive intermediates were trapped in cooled-matrix generated 
within the specific reactors, allowing those time-limited spectroscopic techniques such as 
rapid-scanning IR probe to catch the IR signals from the vibrational modes of reactive 
molecules. Matrix studies unfortunately tell nothing about the lifetimes of observed 
species or their possible role in observed reactions since the decay of particular reactive 
species under the extremely low temperatures would not represent the actual situation in 
a catalytic process. Moreover, matrix studies would not be suitable for most of the 
catalytic reactions requiring high temperatures and pressures. Hence, time-resolved 
methods must be employed for elucidating the kinetic details of these catalytic reactions.  
In the mid-1970s, time-resolved studies typically using xenon flash lamps with 
UV-vis detection moved the temporal resolution of detection into the ms range. Currently, 
improvements in detectors and the introduction of pulsed lasers as light sources quickly 
drove these times to the μs and ps range [29-31]. Though extremely fast, UV/vis 
detection could not resolve the identity of an observed intermediate due to the broad-band 
features of the UV-vis bands. In contrast, time-resolved infrared (TRIR) spectroscopy 
could be useful for resolving the identity of the detected intermediates. Interest in the IR 
spectroscopy stems from the virtual universality of IR absorption; the rich molecular 
structural information contained in the IR spectrum; and the fast time-scale of vibrational 
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motions. The suitability of most organometallic carbonyl complexes for TRIR studies is 
mainly due to the fact that each of these complexes usually has distinctive strong 
absorption of CO vibration bands in the IR region from 2200 to 1800 cm-1. Moreover, 
molecular modeling based on the experimentally observed IR bands often help to 
elucidate the identity of photogenerated intermediates. 
Early time-resolved IR instruments employed pulse/ probe methods utilizing point 
by point detection in the mid-IR. These provided good temporal resolution and fair 
spectral resolution [32, 33]. The narrower IR peaks allow the identification of the 
photogenerated species to be made based on the similarity to their stable counterpart 
species. For instance vibrational frequencies of photogenerated CpMo(CO)3 radicals are 
comparable to those of fairly stable CpMo(CO)3Me complex [34]. Furthermore, the 
introduction of time-resolved step-scan FTIR (TR-s2-FTIR) instruments in the 1990s 
permitted spectra to be collected over a modest range of frequencies and averaged over a 
number of experiments giving excellent temporal (ns) and spectral (4 cm-1 to 8 cm-1) 
resolution. An example of the use of step-scan IR is the examination of the 
photochemical homolysis of the Mo–Mo bond of Cp2Mo2(CO)6 and recombination of the 
resulting CpMo(CO)3 radicals to form trans- and gauche-rotamers of the starting material, 
as shown in Scheme 5 [35, 36]. Moreover, the modest cost and the standard availability 
of time-resolving features on commercial FTIR spectrometers make their implementation 
in the time-resolved studies relatively routine. A brief assessment on time-resolved step-



























1.5. Kinetics of organometallic intermediates using radical clock 
Although spectroscopic techniques for probing organometallic intermediates have 
been useful for obtaining both structural and kinetic data, spectroscopic experimental 
setup usually involves spending a larger amount of financial and expertise resources. 
Kinetics of radical clock, could be a useful alternative to the spectroscopic techniques for 
quantifying the rates of selected reaction steps within the catalytic cycle. Important 
applications of radical clock systems for organometallic reactions include the 
measurements of hydrogen atom abstraction or transfer rates in organometallic species. 
The use of radical clocks to quantify the abstraction rates of many transition metal 
hydrides have also been extensively reviewed [37-39]. Hydrogen transfer reactions via 
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transition metal hydrides have been the main subject of many studies since these species 
are well-known to be the key species in many homogeneous catalytic processes. In fact, 
the kinetics and mechanisms of hydrogen atom transfer reactions could be the important 
basis to the design of radical-based catalytic strategies for those large-scale industrial 
reactions such as olefin hydroformlyation, hydrocyanation, and hydrogenation; all 
involve metal hydrides, often in more than one step of the catalytic cycle. 
Transition metal hydrides are also valuable stoichiometric reagents for organic 
synthetic reactions. Development of a better understanding of the details of how the 
hydride ligand is delivered to an organic substrate is a fundamentally important goal 
pertinent to a wide range of catalytic reactions. The results of kinetic and mechanistic 
studies interrogating processes of M-H bond cleavage can provide guidance in the 
rational design of new catalytic reactions. Similar to transition metal hydrides, transition 
metal alkyl species continue to be widely studied as they play important roles in 
homogeneous and heterogeneous catalysis, and in biological systems [40-42]. Transition 
metal alkyl complexes are particularly used as models for catalytic intermediates, 
especially in the Fisher-Tropsch process in which a variety of organic compounds can be 
generated from CO and H2 using iron, ruthenium or cobalt as catalysts [43]. Important 
industrial processes such as alkene polymerization, metathesis, hydrogenation and 
hydroformylation have also been found to involve transition metal alkyls either as the 
catalyst precursor or as key intermediates within the catalytic cycle [44]. 
Recently the benzyl radical, PhCH2, has been utilized as a radical clocks; it can 
either abstract a hydrogen atom from an organometallic hydride to form toluene, or 
undergo self-recombination to form bibenzyl [45]. J.A. Franz et al have successfully 
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applied this radical to measure the abstraction rate of hydrogen atom from 
Cp*Mo(CO)3H [45]. In contrast to the relatively extensive use of radical clocks in the 
measurement of hydrogen atom abstraction rates, their use in the measurement of alkyl 
abstraction rates have not been reported and these measurements are vital for gaining a 
better understanding of many organometallic mechanisms. 
 
1.6. Objectives of the study 
The main aim of this study was to investigate the spectroscopy and kinetics of 
organometallic transient species relevant to homogeneous catalysis as well as for 
fundamental studies. The work can be partitioned into three major parts. The first part of 
the study focused on a comprehensive investigation of time-resolved step-scan Fourier-
Transform infrared (TR-s2-FTIR) spectroscopy of photogenerated transition-metal 
carbonyl radicals. The aim was to obtain the TR-s2-FTIR spectroscopic data of the photo-
generated seventeen-electron transition metal carbonyl radicals by using three different 
methods of generating the radical species, namely, (1) 532nm photo-dissociation of 
metal-metal bond, (2) abstraction of hydrogen, halogen or methyl from monomeric 
transition metal carbonyl species, and (3) fast radical ligand substitution. The scope of 
study involved (1) developing the time-resolved step-scan Fourier-Transform infrared 
(TR-s2-FTIR) spectroscopy experimental setup, (2) determining the IR bands and life-
times of the detected radical species, (3) investigating the effect of the stereoelectronic of 
various phosphine ligands on the spectroscopy and kinetic of the transition metal 
carbonyl radicals, and (4) providing an assessment on the suitability of all three methods.  
The spectroscopic and kinetic data obtained from our experiments could help researchers 
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to identify unknown relevant catalytic intermediates during the spectroscopic monitoring 
of the catalysis. The results of this study may help to shed light on a variety of transition 
metal carbonyl-catalyzed reactions in which the transition metal carbonyl radicals and 
their phosphine derivatives have been implicated as key reaction intermediates in solution. 
The second part of this study focused on the FTIR spectroscopy of iron and 
ruthenium carbonyl intermediates in the isomerization of allylic alcohols to aldehydes. 
The aim was to obtain evidence to support the postulated catalytic mechanism of 
photoisomerization of allylic alcohols by making the direct observation of the 
intermediates involved in the catalytic cycle during the isomerization of allyl alcohols. 
The scope of study involved (1) utilizing the less-toxic Fe3(CO)12, Fe(CO)4PPh3 and 
Ru3(CO)12 as the catalytic precursor rather than the highly volatile and toxic Fe(CO)5, (2) 
utilizing laser beam irradiation as the excitation source for generating the active catalytic 
species at higher concentrations and (3) identifying the active catalytic species from the 
in-situ FTIR monitoring of the photoisomerization processes.  
The final part of this study focused on the kinetics of methyl abstraction from 
CpFe(CO)2Me using benzyl radical clock. The aim was to develop simple and convenient 
methods of conducting quantitative measurements of methyl transfer processes. The 
scope of study included (1) photolytic activation of the organic precursors to produce 
benzyl radical clock system in non-polar solvent, (2) determination of the methyl 
abstraction rate and (3) computational modeling of the abstraction processes. Kinetic data 
obtained from these transfer processes should be helpful for identifying the significant 
factors that influence the performance of the catalytic reactions as well as providing a 
better understanding of the reaction mechanism. 
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Chapter 2: Principles of TR-s2-FTIR Spectroscopy and 
its Application to Photodissociation of Metal–Metal 
Bonds of Transition Metal Carbonyls  
 
2.1. Principles of TR-s2-FTIR spectroscopy  
2.1.1. The development of time-resolved infrared (TRIR) spectroscopy 
The development of time-resolved infrared (TRIR) spectroscopy since the 1980s 
has provided an effective tool for the study of transient chemical species in dynamic 
systems, particularly for the solution phase [1,2]. The interest stems from the universality 
of infrared (IR) absorption, the rich molecular structural information contained in the IR 
spectrum and the fast time scale of vibrational motions as compared, for example, with  
nuclear magnetic resonance (NMR) time scale. The incorporation of an interferometric 
spectrometer in these time-resolved studies allows multiple vibrational frequencies to be 
monitored simultaneously across a wide spectral window. With this tool, the processes of 
ligand binding and dissociation, protein folding, photo-cycles, reaction kinetics, excited-
state electronic structures as well as a host of other dynamic chemical phenomena, can all 
be measured and characterized. Over the years, efforts in this area have centered on 
increasing the speed at which broadband, high-resolution spectra can be collected [1–5]. 
In recent years, time-resolved IR spectroscopic studies of transient species have 
been conducted over a temporal range stretching from minutes to femtoseconds. 
Although several laser-based approaches to TRIR, both single-frequency and continuum-
generation methods, offer extremely high time resolution, Fourier-Transform 
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interferometric time-resolved infrared (FT-TRIR) techniques have distinct advantages 
over both these methods in terms of spectral bandwidth, resolution and sensitivity. For 
many TRIR experiments, the modest cost and standard availability of time-resolving 
features on commercial FT-IR spectrometers make their implementation in time-resolved 
studies throughout the second to nanosecond time scale relatively routine. 
 
2.1.2. Theory of step-scan interferometery for time-resolved spectroscopy (TRS) 
Step-scan interferometry was originally developed in the 1960s. Remarkable 
advances on step-scan spectroscopic techniques in the earlier 1990s have been 
instrumental in solving a variety of fundamental research and industrial problems. Since 
time-resolved spectroscopy (TRS) technology has become readily accessible, the number 
of step-scan TRS studies has continued to grow at an exponential rate. Step-scan 
overcomes some of the limitations of the conventional linear scan interferometry (which 
the moving mirror of the interferometer is scanned at a constant velocity) and allows 
measurements to be made as an explicit function of time (time-domain). The 
fundamentals of rapid-scan FTIR spectroscopy and the Michelson interferometer are 
available in most of the texts [6-10]; hence we shall provide only a brief description here.  
Linear scan works well for routine IR measurements although for time-dependent 
processes occurring on 20 ms or faster time scale, this scanning method is no longer 
useful. It is strictly limited in temporal resolution by the speed at which the 
interferometer mirror can be translated. Thus, the interferograms have to be time-
dependent in linear scan since the maximum time resolution is obtained by looking at the 
difference between two successively acquired interferograms, or between two successive 
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mirror scan. Moreover, as the spectral resolution is increased, the time resolution of 
necessity falls off due to the increased mirror scan length since its the optical retardation 
δ is greater and hence a longer time is required to complete a given scan. This 
complication associated with linear scan has given rise to a renewed interest in inventing 
step scan interferometry since the 1980s and its application to time-resolved spectroscopy, 
particularly on sub-microsecond time scale.  
Figure 1(a) illustrates the time profile of the process in interferometer during 
linear scan. Optical retardation (δ) or optical path difference (OPD) is referred to the 
optical path difference between the mirrors in interferometer. The plot of the intensity 
variation registered at the detector as a function of optical retardation (δ) (moving mirror 
position) produces the interferogram. The intensity is large at the zero path difference 
(ZPD) position when the two mirrors are equidistant from the beam-splitter and smaller 
out in the wings where the ZPD are large. This is understandable since all wavelengths of 
light will interfere constructively at the point of ZPD, whereas in the wings of the 
interferogram some wavelengths will be interfering constructively while others will be 
interfering destructively. 
Referring again to Figure 1(a), we see that in addition to the infrared light signals, 
a Helium-Neon (HeNe) laser beam transverse the same optical path as the infrared light. 
The monochromatic laser beam, just as for IR beam, is split by the beam-splitter and the 
two resulting beams are also recombined after passing through the two arms of the 
interferometer; however, it generates a sine-squared interferogram pattern when 
modulated by the interferometer. That is to say, in an ideal interferometer where the 
moving mirror moves at a constant velocity, one will observe a constant frequency and 
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constant amplitude interferogram for a monochromatic source such as a laser. This HeNe 
laser interferogram is used by the FTIR spectrometer as an internal reference to monitor 
the mirror position during the course of the scan. In this fashion, the HeNe laser generates 
fringes as the mirror moves, and the HeNe light detector electronics counts these fringes 
to determine the mirror position. Every time one of these fringes is generated, the 
spectrometer electronics are triggered to simultaneously digitize the IR light intensity 
registered at the IR detector. This mechanism ensures the interferogram to be collected at 
precisely equal intervals of mirror position. 
Step-scan FTIR spectroscopy obtains temporal resolution in a rather different 
manner. Here, the moving mirror is moved incrementally in step to a fixed position and 
held there so that the δ remains temporarily constant. This mechanism eliminates the 
time-dependence of the interferograms and temporal Fourier frequencies that are created 
by linear scan. This feature have made time-resolved step scan a very powerful tool to 
measure any repeatable, time-dependent processes on nanosecond (ns) or longer time 
scales. In time-resolved step scan experiments, the data are collected as an explicit 
function of time at each mirror position when both mirrors are stopped completely. 
Figure 1(b) illustrates the time profile of the process in interferometer during step scan. 
This time profile is repeated and recorded at all mirror positions. After the experiment 
finishes, the data are sorted into individual interferograms by time, then they are Fourier-
transformed to obtain the IR spectra at different times. In these experiments, the mirror 
position must be maintained at very high precision in order to achieve good signal-to-
noise ratio. However, it is extremely important to bear in mind in both rapid-scan and 
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step-scan FTIR that the spectrometer records the data as an interferogram, and that the 
spectra are only obtained after Fourier transformation. 
 
2.1.3. Adapting step-scan interferometry to time-resolved studies 
Two main areas of instrumentation and electronics must be considered in adapting 
step-scan interferometry to time-resolved studies. First, a means to synchronize the 
sample excitation, data collection, and interferometer stepping must be considered. 
Second, the appropriate detector and digitizer must be selected for the time regime of the 
experiment. Figure 2 shows the general experimental setup employed by the present 
workers for collecting flash-photolysis time-resolved spectra with a step-scan FTIR 
spectrometer, digital pulse generator, AC/DC dual channel MCT detector and transient 
digitizer. 
For the synchronization of the excitation source, data collection and 
interferometer movements, the most convenient manner of timing is to use an external 
digital pulse generator to serve as the master experimental clock. This arrangement 
benefits from the timing accuracy of the pulse generator and its ability to manage 
complex triggering patterns. In a typical experiment, the pulse generator will send a 
trigger signal to the FTIR bench or transient digitizer to mark the beginning of data 
collection. The digitizer will then initiate a stream of detector samples, evenly spaced 
according to the preset time resolution of sampling. A second trigger signal from the 
master clock will then be sent to the excitation source after a preprogrammed delay. This 
trigger will initiate the sampling perturbation via laser pulse, electric-filed pulse or 
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reagent mixing. The software controlling the digitization will allow data recording to 
proceed to a preset interval along the decay of the sample. 
The second consideration for adapting step-scan FTIR to time-resolved 
measurements is the proper selection of detectors, amplifiers and digitizers. To take 
advantage of the highest time resolution capable in step-scan operation, a specialized 
transient digitizer must be used. To realize the sampling rate of the transient digitizer and 
maximize its sensitivity, an AC/DC dual-output MCT detector with a fast preamplifier is 
required.  The speed of the detector must be at least as great as the digitization rate of the 
transient recorded, otherwise the time-resolved data will be convolved with the rise time 
of the detector. With a dual-channel detector, the AC output is used to carry the transient 
changes in the interferogram at the position being monitored. Preamplifier removes the 
lower frequency limit of standard AC-coupled detector so that dynamic events with 
interesting kinetics over a wide time scale can be monitored in a single experiment with 
maximum digitization sensitivity. 
Time-resolved step scan spectroscopy is widely used for the collection of spectral 
and kinetic information on repeatable processes that are initiated by electrical pulse, laser 
pulse, temperature jump or rapid mixing. Irreversible chemical processes can also be 
studied if the process can be regenerated by some scheme. For example, a motorized 
mapping stage of an IR spectrometer can be used to move fresh samples into the IR beam 
for each step and flow cells can been used for irreversible chemical reactions in solution. 
 
2.1.4. Time-resolved step scan data collection and processing 
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Figure 3 shows the timing scheme for time-resolved step scan data collection. 
First, the moving mirror in the interferometer is stepped to a predetermined position and 
hold stationary, allowed to settle down and stabilize for the time set by the settle time 
(time allowed for mirror to stop and for detector to recover). The static interferograms are 
recorded from the DC output of the detector. The signal is averaged over the amount of 
time set by static sampling (time interval to collect static reference interferogram).  A 
trigger signal (a TTL pulse for synchronization of the spectrometer and the perturbation 
that initials the process under study) is provided for the external excitation sources such 
as laser or a pulse generator that initiates the time-dependent process. A reproducible 
experiment is then initiated. The AC output of the detector measures the changes in 
spectral intensity. The dynamic interferograms at different times are collected over a 
period of time at intervals set by the users (TR sampling).  Finally, the mirror is then 
moved to the next position and the above steps are repeated.  
The static interferogram is similar to the conventional linear scan interferogram. 
Fourier transformation gives the reference single beam spectrum and the phase spectrum. 
This phase spectrum can then be used in the Fourier transformation of the dynamic AC 
interferograms. The dynamic AC interferograms at a given time is Fourier-transformed to 
obtain the differential (single beam) spectra. These TRS spectra contain both the spectral 
and the kinetic information through the course of the reaction. A spectrum at a given time 
gives the structural information about the chemical species at that time. The kinetic plot 
of a given IR band shows the time evolution of the species associated with that particular 
band from which the rate constants of the reactions can be calculated. In order to signal-
average so as to improve the signal-to-noise ratio, one can also co-add time slices in step. 
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That is, the moving mirror continues to remain at the given position and the several 
transients of the intensity versus time after trigger are digitized and averaged before being 
written to memory. 
 
2.2. Photodissociation of metal-metal bonds of transition metal carbonyls 
  
2.2.1. Objectives of the study 
In this work, we focus on obtaining TR-s2-FTIR spectroscopic data of transition 
metal carbonyl radicals by utilizing radical production via photodissociation of metal-
bonded dimers [11-16]. This also serves to test our experimental setup for ensuring that 
the sensitivity of the instrument is sufficient for acquiring spectra due to radicals of very 
low concentrations. The metal-metal bond photolysis method of producing 17-electron 
organometallic radical species has continued to be a convenient way of acquiring spectra 
of radicals such as CpFe(CO)L [L = CO, PR3], CpMo(CO)3 and CpW(CO)3 [17-27]. 
Somewhat to our surprise, time-resolved step-scan FTIR (TR-s2-FTIR) spectroscopy of 
Cp’M(CO)2PR3 (Cp’ = Cp, Cp*; M = Mo , W; R = Me, OEt, Ph, Cy) radical species has 
not been studied. Hence, a time-resolved Fourier Transform infrared (FTIR) study of 
such species was initiated here by 532nm laser flash-photolysis of their respective parent 
dimers in hexane solution at room temperature. It is also of fundamental interest to 
observe how the bulkiness imposed by the different PR3 group affect the vibrational 
frequency and the rate of radical dimerization under the static cell experimental condition 
in our laboratory. Such data may help to shed light on a variety of possible transition 
metal carbonyl-catalyzed reactions in which these radicals and their phosphine 
derivatives could be implicated as key reaction intermediates.  
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2.2.2 Experiment 
2.2.2(a). IR cell for TR-s2-FTIR experiments 
A brief description of the cell used for performing time-resolved and linear FTIR 
spectroscopy on the reaction mixture is provided in Figure 4. It is a stainless steel, static, 
liquid cell with CaF2 windows for passage of the IR probe beam. Absorbance path-
lengths of 0.2–5 mm could be accommodated by manual adjustment of the window 
holders. The cell also allowed for placement of quartz or glass windows to permit 
photodissociation by a laser beam propagated at right angle to the IR probe beam. The 
cell could hold a volume of about 40 ml of solvent, together with a magnetic bar to 
provide constant stirring. Inlet and outlet ports on each side of the cell allowed for N2 
bubbling through the solution if required. 
 
2.2.2(b). Sample preparations 
The sample preparations were carried out in the dark under nitrogen atmosphere. 
The dimeric precursors Cp’2Mo2(CO)5PR3 and [Cp’M(CO)2PR3]2 (Cp’ = Cp, Cp*; M = 
Mo or W; R = Ph, OEt, Me) compounds were prepared according to literature methods 
[28-32]. All other organometallic compounds and the various free phosphines were 
obtained from Strem and Aldrich and used directly without purification. About 10–20 mg 
of the precursor in 30 ml solvent (10-2 –10-3 M) was sufficient to generate free radical 
spectra. The amount of hexane was not able to dissolve the organometallic dimers 
completely, although this meant that the solution was always kept at its saturated level 
(about 4mg to 5mg in 30ml hexane) for each step of mirror movement during the step-
scan experiments.  
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2.2.2(c). Laser photolysis and FTIR monitoring 
A frequency-doubled Q-switched Nd-YAG pulsed-laser (Continuum Surelite III-
10, 532 nm, 10 Hz, 25–30 mJ/pulse, 10 ns) was focused elliptically by a cylindrical lens 
into the region between the CaF2 windows in the cell for maximum overlap with the IR 
beam. The generation of radical signals could be optimized at higher laser energies (>30 
mJ/pulse) although at such energies, the quartz windows through which the laser passed, 
would be damaged more quickly.  
For the collection of TR-s2-FTIR spectra, an AC-coupled detector (TRS-20 MHz 
MCT detector) was used to capture changes in the IR absorption down to 1 μs while the 
synchronization of the spectrometer with the firing of the pulsed laser was controlled by a 
Digital Delay Generator (Stanford SRS DG535). Radical signals could be detected most 
easily at short time intervals below 1 μs, i.e., before their decay fully set in after the 
nanosecond laser pulse has stopped firing. Although the spectrometer has the capability 
of recording spectra at 20 ns time interval, it was not a necessity to set the time interval to 
below 1 μs for spectroscopic measurements since most radicals observed here have 
lifetimes of a few microseconds. However for more precise kinetic studies, this feature 
would be essential.  
The detection range and resolution of a step-scan Nicolet Nexus 870 FTIR 
spectrometer were set at 1000 – 4000 and 4 cm-1 respectively. We have found that only 
one scan of the spectrum which lasted about 30 min was sufficient to produce detectable 
signals of the radicals. The averaging of radical signals over a few scans was shown to 
improve the S/N ratio only slightly but at the expense of a longer scanning time and thus 
increasing the probability of decomposition of the precursors. Linear scan FTIR 
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measurements over the same wavelength and resolution were also carried out to record 
the evolution of stable species in the solution throughout the photolysis. 
 
2.2.2(d). Chemical kinetic simulator 
Chemical simulation of the radical recombination processes were performed using 
Chemical Kinetics SimulatorTM (version 1.01) created by International Business 
Machines Corporation 1996. This Chemical Kinetics Simulator™ (CKS) program is a 
scientific software tool developed by chemists at IBM's Almaden Research Center. It 
provides the bench scientist with an easy-to-use, rapid, interactive method for the 
accurate simulation of chemical reactions. A copy of the program is available at 
http://www.almaden.ibm.com/st/msim/ckspage.html 
. 
2.2.3. Results and Discussion 
Initially, the TR-s2-FTIR detection of previously-detected transition metal 
carbonyl radicals such as CpFe(CO)2 and CpMo(CO)3 from the respective dimers in 
hexane were performed to test the sensitivity of the experimental setup and the capability 
of our system to correctly assemble the time-resolved interferograms given by the 
transient event. Their chemical lifetimes could also be employed as references for 
comparison with the previously undetected radicals of the phosphine derivatives. Figure 5 
shows the TRS spectra of (a) CpFe(CO)2 (2008 cm-1 and 1935 cm-1, tdecay = 7.50 µsec) 
and (b) CpMo(CO)3 (2010 cm-1 and 1912 cm-1, tdecay = 4.83 µsec).  
Unless stated otherwise, the decay lifetimes (tdecay) reported here, are simply 
defined as the time taken for the IR transient absorption intensity of the radical to 
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decrease to half the initial value. The decay lifetime of CpMo(CO)3 radical species in 4.5-
4.9 µsec range is also in very good agreement with those previous studies in which 
radical-radical recombination was postulated to be the main loss process of 
photogenerated radical species in n-heptane solution. Compare to the CpMo(CO)3 radical, 
we found that the spectrum of CpW(CO)3 radical is at slightly lower IR frequencies 
(2000 cm-1 and 1900 cm-1) while they have slightly longer decay time (tdecay = 5. 12 µsec). 
All these time-resolved FTIR absorption spectra were recorded so that only changes in IR 
absorption with respect to the initial conditions could be recorded. Thus, those 
absorptions which remain constant, such as those due to the solvent, would not register at 
all. Spectral depletion of the reactants was represented by the IR bands pointing upwards 
whereas production of photogenerated radical species was shown by IR band pointing 
downwards instead. These results obtained from our testing gave us the credibility to the 
TRS results obtained in the later stage.  
Upon successful detection of CpFe(CO)2 and CpM(CO)3 [M = Mo, W] radicals, 
the subsequent TR-s2-FTIR recordings of phosphine derivatives of the form 
CpM(CO)2PR3 [R = Me, OEt, Ph, Cy] were performed. The infrared band of the carbonyl 
stretches and the lifetime of these radicals are presented in Table 1. With 532nm flash-
photolysis of M-M bond (M = Mo, W) of the diphosphine derivatives, [CpM(CO)2PR3]2, 
we assumed that the appearance of the new IR band pair in our TRS spectra was due to 
the generation of CpM(CO)2PR3 radicals. There was no evidence of the formation of the 
CO-loss species in our experiments using 532nm laser as the light source, hence the 
radicals could be generated cleanly this way. The IR spectra of these radicals could be 
further identified in several ways.  
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Figure 6 shows a typical TR-FTIR spectrum of CpMo(CO)2P(OEt)3 radical 
recorded at 10 μs after 532nm laser photolysis of [CpMo(CO)2P(OEt)3]2 dimer in hexane 
solution. The two bands at 1839 cm-1 and 1932 cm-1 assigned to the radical are consistent 
with the shift to lower wavenumbers upon phosphine substitution with respect to the 
CpMo(CO)3 radical. The measured lifetimes of the phosphine-containing radicals are 
close to that of the CpMo(CO)3 radical, indicating similarity in the reactivity of the 
carrier of these IR bands. A comparison is also made with alkylated monomeric species 
such as CpMo(CO)2P(OEt)3C2H5 (1853 cm-1 and 1936 cm-1) [33-36] and close agreement 
between the IR frequency values of these phosphine derivatives was also found. These 
analyses were also applied to the identification of all the TRIR signals of the radicals 
listed in Table 1.  
Depending on whether the dimeric precursors are mono-substituted or di-
substituted with PR3 group, TRS spectra of those monosubstituted dimeric compounds 
show the formation of CpM(CO)3 in addition to CpM(CO)2PR3 radical species upon the 
metal-metal bond dissociation. Figure 7 shows the formations of (a) CpMo(CO)3 and (b) 
CpMo(CO)2PPh3 species upon 532nm photodissociation of Mo-Mo bond of 
Cp2Mo2(CO)5PPh3 in hexane solution. Apart from the bands belonging to CpMo(CO)3 
radical species, two other IR bands (1824 cm-1 and 1924 cm-1) have been detected. The 
two IR bands at 1824 cm-1 and 1924 cm-1 assigned to CpMo(CO)2PPh3 are consistent 
with the shift to lower wavenumbers upon the phosphite substitution of CpMo(CO)3 
radical species. The vibrational bands values for the alkylated monomeric species such as 
CpMo(CO)2PPh3(C2H5) (1843 cm-1 and 1930 cm-1) [33-36] are very close to those of this 
radical species as well.  
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Further experiments on replacing Cp with Cp* were conducted. 
Pentamethylcyclopentadienyl ligand, Cp*, is one of the best known substituted Cp 
derivatives. Figure 8 shows the spectra of Cp*M(CO)3 (M = Mo, W) radical species 
obtained from 532nm photodissociation of [Cp*M(CO)3]2 dimer species. Both 
Cp*Mo(CO)3 and Cp*W(CO)3 radical species were found to have lower IR frequencies 
compare to their Cp- counterparts. Cp* is sterically more demanding than Cp, the methyl 
groups on the Cp* are electron donors, so this results in more electron density at the 
metal than the analogous Cp complex. The increased electron donation Cp* ligand results 
in greater pi-backbonding which is apparent from a red shift of approximately 50cm-1 in 
IR spectrum. Subsequent IR recordings of the Cp*Mo(CO)2PR3 (R = Me, OEt, Ph) 
radical species were performed. The infrared bands of the carbonyl stretches and the life-
times of these radicals are presented in Table 2. 
 
2.2.4. Reversible kinetics of radical dimerization 
Linear FTIR scans over the same wavelength range and resolution were also taken 
in order to observe the formation of any new long-lived organometallic species in the 
solution during the flash photolysis. For those experiments with mono-substituted species 
Cp2’M2(CO)5PR3 [Cp' = Cp, Cp*] as the precursor, the collected linear scan IR spectra 
revealed increased concentrations of [Cp’M(CO)3]2 and [Cp’M(CO)2PR3]2 with 
concomitant decrease of precursor concentration as the photolysis progresses. This 
implies that the resulting Cp’M(CO)3 and Cp’M(CO)2PR3 species from the 
photodissociation of Cp’2M2(CO)5PR3 would prefer radical recombination with the 
radical species of their own kind during the step-scan experiment, leading to formation of 
M-M bonds of symmetric dimeric species [Cp’M(CO)3]2 and [Cp’M(CO)2PR3]2. We 
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assumed that the M-M bonds in these newly formed dimeric species [Cp’M(CO)3]2 and 
[Cp’M(CO)2PR3]2 have the same susceptibility to 532nm metal-metal bond 
photodissociation. Consequently, with the increasing amounts of [Cp’M(CO)3]2 and 
[Cp’M(CO)2PR3]2 in the system, the contributions to the CpMo(CO)3 and 
Cp’M(CO)2PR3 radical signals thus came from both precursor and the dimer products 
especially during the later stages of photolysis. Contribution from the remaining 
asymmetric precursor can not be ignored completely as the solid form of this species is 
present in excess amount in the system so that the precursor replenishes itself in the 
solution continuously. However, for experiments with symmetrical precursor 
[Cp’M(CO)2PR3]2, the IR spectra appeared unchanged even after long hours of photolysis, 
indicating the usual dominance of radical-radical recombination pathway to regenerate 
the dimeric precursors. There were no presence of mono-substituted phosphine 
derivatives Cp’2M2(CO)2PR3 for all the experiments involving di-phosphine derivatives. 
In general, the determined decay lifetimes of all the phosphine-containing 
Cp’M(CO)2PR3 radicals (tdecay = 5 usec to 7 usec) are only slightly longer than their 
corresponding tricarbonyl radicals. The steric and electronic effects due to the 
coordinated PR3 on the recombination rate of these radicals appear to be minimal. The 
results suggest that the orientation of the phosphine groups in the radicals relative to the 
radical recombination trajectory is most likely similar to the alkylated counterparts or the 
metal dimers themselves, i.e., these PR3 groups do not restrict or block the approach of 
another radical species for recombination. Since a small activation barrier for the radical 
recombination is implied by these measurements, diffusion-limited kinetics could also 
have played a major role in determining the lifetimes of the radicals. 
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It was our intention as well to report the quantitative data on the kinetics of 
dimerization processes of our newly detected Cp’M(CO)2PR3 radical species. In this 
work, we have conducted a series of chemical simulations of the radical recombination 
processes using Chemical Kinetics StimulatorTM (version 1.01). All these kinetic 
simulations have relied on the established data from the studies on metal-metal bond 
dissociation of [CpMo(CO)3]2 dimer as the basic reference. Studies on the metal-metal 
bond dissociation of [CpMo(CO)3]2 dimer have established that photogenerated 
CpMo(CO)3 radical would dimerize to form both trans- and gauche-[CpMo(CO)3]2 with 
rate constant of the dimerization process, k = 3(±1) x 109 M-1s-1 where the original 
concentration of the trans-[CpMo(CO)3]2 was 3 x 10-4 moldm-3. In addition, the lifetime 
of photo-generated CpMo(CO)3 radical species has been reported to be 5 µsec [17, 18].  
In the first place, we have conducted the kinetic simulation of the CpMo(CO)3 
dimerization process in the form of 2CpMo(CO)3 => [CpMo(CO)3]2 using both the 
reported rate constant, k = 3(±1) x 109 M-1s-1 and the life time of 5 µsec. The aim of such 
simulation was to obtain the steady state concentration of the photo-generated 
CpMo(CO)3 radical species. Such kinetic simulation has provided us with a steady state 
concentration of the photo-generated CpMo(CO)3 radical species to be 3 x 10-5 moldm-3, 
which would be the 10% of the original concentration of the trans-[CpMo(CO)3]2 
(reported as 3 x 10-4 moldm-3 by  previous studies [17, 18]). 
For time-resolved measurements, it would conveniently to provide the radical 
decay time as the temporal range. Thus using our newly calculated steady state 
concentration of CpMo(CO)3 radicals (3 x 10-5 moldm-3), kinetic simulation with the rate 
constants of the dimerization processes, k = 2 x 109 M-1s-1 and 4 x 109 M-1s-1 give 
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lifetimes of 7.5 μsec and 3.5 μsec respectively. The calculated decay time of CpMo(CO)3 
radical species ranged from 3.5 μsec to 7.5 μsec, are in good agreement with the lifetimes 
of Cp’M(CO)2PR3 radical species obtained from our experiments which ranged from 4.8 
μsec to 7.0 μsec. As such, we would believe that about 10% of the metal-metal bonded 
precursors used in our experiments would be photodissociated to generate the detected 
Cp’M(CO)2PR3 radical species. 
In our saturated static system, usually only 4mg to 5mg of the metal-metal bonded 
precursors would dissolve completely in 30ml hexane; this represents a concentration in 
the range of 2.7 to 3.4 x 10-4 moldm-3. Thus we would estimate that the concentration of 
Cp’M(CO)2PR3 radicals produced from our photolytic experiments to be 10% lower, 
roughly at 3 x 10-5 moldm-3. Finally, assuming all the Cp'M(CO)2PR3 radicals have the 
same quantum yield with 532nm photolysis, kinetic simulations using lifetimes of 4.8 
μsec to 7.0 μsec would suggest that the rate of Cp'M(CO)2PR3 radical recombination 
would be k = 3(±1) x 109 M-1s-1. 
 
2.2.5. Summary 
Time-resolved step-scan Fourier-Transform infrared (TR-s2-FTIR) absorption 
spectra of Cp’M(CO)2PR3  (Cp’ = Cp, Cp*; M = Mo, W; R = Me, OEt, Ph, Cy) radicals 
recorded at their maximized solubilities in hexane solution were reported here. These 
radicals have been generated from 532nm photodissociation of the metal-metal bonds in 
the parent dimeric compounds. The decay times of these radicals under the static cell 
experimental conditions in our laboratory were determined in microsecond range. Stereo-
electronic effects from the coordinated PR3 seem to have little effect on the 
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recombination rate of these radical species in hexane solution at room temperature. 
Assuming all the Cp'M(CO)2PR3 radicals have the same quantum yield with 532nm 
photolysis and thus the concentrations of these radicals will be constant, the rate constant 
for the radical recombination processes would be k = 3(1) x 109 M-1s-1.  
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Chapter 3: TR-s2-FTIR Spectroscopy of Transition 
Metal Carbonyl Radicals via Radical Ligand 
Substitution or Halogen Abstraction 
 
3.1. Halogen abstraction and radical ligand substitution   
 
Many TR-s2-FTIR transition metal carbonyl radical spectra have been obtained by 
making use of an appropriate laser wavelength to dissociate the metal-metal bond of a 
dimer [1-5]. Hence, direct detection of such radicals is restricted by the availability of 
their dimer precursors. In this section, we provide two alternative methods of producing 
17-electron transition metal carbonyl radicals, namely, ligand substitution of the 
photogenerated transition metal carbonyl radicals and halogen abstraction of monomeric 
precursors by a primary radical. 
Ligand substitution of the photogenerated transition metal carbonyl radicals is a 
convenient way for generating spectroscopic data for phosphine or two-electron donor-
substituted radical species. Unlike the metal-metal bond dissociation method, the 
syntheses of high purity phosphine-containing metal-bonded dimer precursors are not 
required. Radical ligand substitution rate studies have so far been restricted to very few 
species [6-10] and their rates inferred by measuring the concentrations of final stable 
products. For instance, substitution of CO in photogenerated M(CO)5 (M = Mn, Re) 
radical species by various two-electron donating ligands, L, has been generally accepted 
to be the key reaction step in the formation of complexes Mn2(CO)8L2 by the 
dimerization of substituted Mn(CO)4L radicals [6,7]. The TR-s2-FTIR method could 
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provide some impetus for such studies since both radicals before and after substitution 
could be directly detected and characterized. However shortcomings of this method are  
that not all substitution could take place and a nanosecond FTIR spectrometer may not be 
fast enough to detect a difference in the risetime between the two radicals.  
Advantages offered by the halogen abstraction of transition metal carbonyl halide 
precursors by a selected primary radical would be mainly due to the halides being more 
air-stable and exist in much greater variety. More importantly, they can be easily 
derivatized, either thermally or photochemically with a wide range of phosphines or other 
two-electron donor ligands. In addition, because of the use of uv wavelengths in most 
TRIR investigations, a great extent of decarbonylation of the metal carbonyls will be 
induced by the high uv energy. For example, in the uv flash photolysis of Mn2(CO)10, 
strong IR signal of 16-electron Mn2(CO)9 species was observed together with only weak 
signals from the 17-electron Mn(CO)5 radical [11-13]. Consequently, effort is needed to 
utilize visible wavelengths for a cleaner generation of organometallic carbonyl radical 
species.  
In this work, we have found that radicals generated from the halogen abstraction 
of the monomeric precursors by a primary radical such as CpMo(CO)3 are suitable for 
TR-s2-FTIR spectroscopic detection. The reaction is initiated when the primary radical is 
generated upon 532nm laser photolysis of its dimer. Subsequent abstraction of the 
halogen from the halide produces the radical species to be detected. Unlike most organic 
radicals, CpMo(CO)3 is easily generated using a visible laser and hence decarbonylation 
of the halide precursors, which is significant at uv wavelengths can be minimised as well. 
Apart from the halides, hydride and alkyl derivatives which are used frequently in radical 
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clock experiments also gave strong IR signals of radicals. An alternative to CpMo(CO)3 
as an abstractor can be found in CpFe(CO)2 which is easily generated from visible light 
photolysis of its carbonyl-bridged dimer.  
 
3.2. Objectives of the study 
Objectives of this study will be on obtaining TR-s2-FTIR spectroscopic data of 
transition metal carbonyl radicals by utilizing two different methods of radical production. 
Firstly, we have made use of fast radical ligand substitution kinetics to generate 
phosphine derivatives of CpMo(CO)3 itself. Secondly, radicals generated via halogen 
abstraction of transition metal carbonyl halides by CpMo(CO)3 or CpFe(CO)2 have also 
turned out to be suitable candidates for TR-s2-FTIR studies. This method is especially 
useful for studying M(CO)4(EPh3) (M = Mn, Re; E = P, As, Sb) radicals and (π-
allyl)Fe(CO)2L (L = CO, phosphine) without the concomitant presence of 
decarbonylation products. For these two methods of producing 17-electron transition 
metal carbonyl radicals, CpMo(CO)3 or CpFe(CO)2 has to be generated insitu first by 
visible laser photolysis. Finally, the suitability of all three methods of generating radical 
species, namely, photodissociation of metal-metal bonds, radical ligand substitution and 
halogen abstraction, towards the detection of certain classes of transition metal carbonyl 
radicals will be discussed. 
 
3.3. Experiment 
A detailed description of the experiments for performing time-resolved and linear 
FTIR spectroscopy on the reaction mixture has been given in Section 2.2.2. of this thesis. 
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However, some adjustments on the sample preparations were made according to the 
different methods of generating the radical species. For experiments on radical ligand 
substitution, free phosphines such as PPh3, P(OEt)3, P(C6F5)3 were added into a solution 
containing [CpMo(CO)3]2. About 10–25 mg of the metal precursors and phosphines in 30 
ml of hexane solvent (10-2 – 10-3 M) were used to generate the free radical spectra. 
For experiments on halogen abstraction, a quantity of [CpMo(CO)3]2 was added 
into the hexane solution already containing the transition metal carbonyl halides. Again 
the same concentrations of precursors of 10-2 –10-3 M have been used for this method. 
Since the reactions are irreversible, the precursor concentration could be depleted very 
quickly depending on the laser pulse energy. Hence if the concentrations of radicals had 
to be maintained for longer observations, saturated solutions with additional solid 
precursor remaining in the reaction cell could be prepared. This would ensure continuous 
observation of radical signals until all the solids have dissolved and reacted. The 
experiments could also be performed using different mol ratios of [CpMo(CO)3]2 to the 
halide precursors. Usually, a ratio of 1:1 was used for spectroscopic measurements 
although comparable radical signals have also been produced using ratios from 1:3 to 3:1. 
Finally, for the detection of allyliron carbonyl radicals via Br or Cl abstraction 
using photogenerated CpFe(CO)2 as the primary radical, the allyliron carbonyl precursors 
were prepared according to literature methods [14]. All other chemicals were obtained 
from Strem and Aldrich and were used directly without purification. Typically, about 10–
20 mg of [CpFe(CO)2]2 was dissolved in 30 ml cyclohexane containing 30-50mg of  
allyliron carbonyl precursor and transferred into the air-tight IR cell with the optical path-
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length set at 2-5 mm. Oxygen-free nitrogen (OFN) gas was then bubbled through the 
solution with constant stirring before the spectroscopic experiments were carried out. 
Chemical simulation of the radical recombination processes were performed using 
Chemical Kinetics SimulatorTM (version 1.01) created by International Business 
Machines Corporation 1996. This Chemical Kinetics Simulator™ (CKS) program is a 
scientific software tool developed by chemists at IBM's Almaden Research Center. It 
provides the bench scientist with an easy-to-use, rapid, interactive method for the 
accurate simulation of chemical reactions. A copy of the program is available at 
http://www.almaden.ibm.com/st/msim/ckspage.html 
 
3.4. TR-s2-FTIR spectroscopy of CpM(CO)xPPh2R radicals via ligand substitution 
of CpM(CO)x+1 [M = Fe, Mo; x = 1, 2; R = Ph, PhCOOH] 
 
3.4.1. Formation of CpMo(CO)2PPh3 radicals 
Figure 1 shows the time-resolved FTIR spectrum of CpMo(CO)3 (2010 cm-1 and 
1912 cm-1) radical species generated together with CpMo(CO)2PPh3 (1924 cm-1 and 1834 
cm-1) in the presence of excess PPh3 (>3:1 molar ratio) and [CpMo(CO)3]2 in hexane 
solution. As expected, the same radical species could be obtained by 532nm metal-metal 
bond dissociation of the Cp2Mo2(CO)5PPh3 complex. There was an initial speculation 
that the substitution proceeded via the addition and subsequent metal-metal bond 
dissociation of the decarbonylation product, Cp2Mo2(CO)5 but no evidence of it was seen 
when pure [CpMo(CO)3]2 dimer undergoes 532nm photolysis. Moreover, 
disproportionation reactions induced by the UV photolysis of the transition metal 
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carbonyl dimers have been shown to lead to ionic phosphine-containing complexes in 
polar solvents [15]. Thus, the formation of the present phosphine-containing radical 
products in hexane solution is more likely due to the very facile phosphine ligand 
substitution into CpMo(CO)3 radical itself. Similar ligand substitution processes for 
V(CO)6 and Mn(CO)5 radical species in which facile formation of a two-center three 
electron bond (in which the odd electron interacts with an electron pair on an entering 
nucleophile) can lead to high substitution rates has been reviewed by Trogler [16]. In our 
case, it appears that CpMo(CO)3 radical substitution kinetics conforms to this trend. 
However, further phosphine substitution on the CpMo(CO)2PPh3 radical for formation of 
CpMo(CO)(PPh3)2 species is either very slow or does not take place leading to our failure 
to detect such diphosphine radicals. 
Figure 2(a) shows the TR-FTIR decays of CpMo(CO)3 (tdecay = 4.6 µsec) and 
CpMo(CO)2PPh3 (tdecay = 5.8 µsec) in our time-resolved system. These decay lifetimes 
measured for both CpMo(CO)3 and CpMo(CO)2PPh3 radical species in this 
[CpMo(CO)3]2/PPh3 system at 1:1 molar ratio are essentially the same as those obtained 
via metal-metal bond photodissociation. This is probably not surprising because the 
radicals might be produced under rather similar chemical environment whereby the 
radical recombination kinetics plying significant role, especially during the later stages of 
photolysis. Since the CpMo(CO)2PPh3 radical species must have originated from parent 
radical CpMo(CO)3 during the initial stage of photolysis , there should be a difference in 
the appearance or rise-time of both radical species. However, we have been unable to 
observe the differences presumably because the ligand substitution reaction of free PPh3 
to CpMo(CO)3 radicals must have proceeded too quickly. Once the radical has been 
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produced, it would have recombined to form either the monophosphine or the 
diphosphine dimer species. Subsequent photolysis of both dimers would reproduce the 
radicals especially during the later stages of the photolysis period. 
Kinetic analyses simulating the decays of both CpMo(CO)3 and CpMo(CO)2PPh3 
radicals were carried out. Figure 2(b) shows the result of the simulated data set using the 
CKS simulator. In this simulation, assuming the equal possibility of generating 
CpMo(CO)3 and CpMo(CO)2PPh3 via the fast ligand substitution reaction, the 
concentration of CpMo(CO)3 radicals in our system have to be the same as the 
concentration of CpMo(CO)2PPh3 (3 x 10-5 M). The simulation of the form 2 CpMo(CO)3 
=> [CpMo(CO)3]2 and 2 CpMo(CO)2PPh3 => [CpMo(CO)2PPh3]2 estimated the kinetics 
of the first dimerization to have a rate constant of 3 x 109 M-1s-1 while the value for the 
second dimerization is 2 x 109 M-1s-1. These kinetic data are in close agreement with 
those data obtained previously from our studies on the 532nm photodissociation of metal-
metal bonds [17]. 
A linear scan FTIR differential spectrum recorded during the FTIR monitoring of 
ligand substitution process (Figure 3(a)) revealed the fast depletion of [CpMo(CO)3]2 
dimer signals upon 532nm photolysis. As expected, this is accompanied by the facile 
formation of its mono- and di-phosphine derivatives, Cp2Mo2(CO)5PPh3 and 
[CpMo(CO)2PPh3]2. Figure 3(b) shows the concentration profile of all the components 
obtained from the linear scan. Initially the phosphine-containing radical is produced via 
radical ligand substitution but after a few minutes into recording one TRS scan, 
significant amount of the phosphine derivatives of CpMo(CO)3 dimer have built up. 
Hence the phosphine radicals could now be produced from direct photodissociation of 
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metal-bonded complexes which proceeds at a different rate compare to the radical ligand 
substitution pathway. Eventually, despite the various formation modes of the radicals, 
their decay lifetimes are still governed mainly by radical-radical recombination kinetics.  
 
3.4.2. Formation of CpMo(CO)2PPh2PhCOOH radicals 
Figure 4 shows the time-resolved FTIR spectrum of CpMo(CO)3 radical species 
generated together with CpMo(CO)2PPh2COOH (1932 cm-1 and 1838 cm-1) after laser 
pulse photolysis of a hexane solution containing [CpMo(CO)3]2 and free PPh2PhCOOH. 
The dimeric species, Cp2Mo2(CO)5PPh2PhCOOH (1976 cm-1) was also observed upon 
photolysis. Again, further phosphine substitution on the CpMo(CO)2PPh2COOH radical 
for formation of CpMo(CO)(PPh2COOH)2 could not be seen.  
Figure 5(a) shows the TR-FTIR decays of CpMo(CO)3 and 
CpMo(CO)2PPh2COOH in our time-resolved system measured for 
[CpMo(CO)3]2/PPh2COOH at 1:1 molar ratio. In this case, we have been able to observe 
a difference in the appearance or rise-time of both CpMo(CO)3 and 
CpMo(CO)2PPh2COOH radical species. As expected, the rise-time of CpMo(CO)3 radical 
species is faster that the rise-time of CpMo(CO)2PPh2PhCOOH radicals species. This 
could be attributed to the direct production of CpMo(CO)3 from the dimeric precusor 
[CpMo(CO)3]2 whereas the formation of CpMo(CO)2PPh2PhCOOH has to be dependent 
on the availability of CpMo(CO)3 to further react with the excess PPh2PhCOOH in the 
system, thus causing time consumption to the process. 
Figure 5(b) shows the result of the simulated data set which matches well with 
our experimental results on the different appearance in risetime of both CpMo(CO)3 and 
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CpMo(CO)2PPh2COOH radical species. Example on the operation of our kinetic 
simulation has been given in our previous discussion (section 2.2.4. of this thesis). In this 
simulation, the concentration of CpMo(CO)3 radicals (3 x 10-5 M) in our system have to 
be lower than the concentration of PPh2COOH ligand (3 x 10-4 M) perhaps owing to the 
higher solubility of free phosphine in hexane solution. Note that some molybdenum 
precursor is always present as undissolved solids in the mixture. The kinetic simulation 
considers the following reaction steps 1-4 below and yield gave rate constants for the 
radical recombination in steps 1, 3 and 4 to be 3 x 109 M-1s-1, whereas the rate of the 
ligand substitution (step3) would be 1 x 109 M-1s-1.  
 
2 CpMo(CO)3 => [CpMo(CO)3]2                                                                       [1] 
CpMo(CO)3 + PPh2PhCOOH => CpMo(CO)2PPh2PhCOOH + CO                 [2] 
CpMo(CO)3 + CpMo(CO)2PPh2PhCOOH => Cp2Mo2(CO)5PPh2PhCOOH     [3] 
2 CpMo(CO)2PPh2PhCOOH => [CpMo(CO)2PPh2PhCOOH]2                         [4] 
 
A linear scan FTIR differential spectrum recorded during the FTIR monitoring 
of ligand substitution process (Figure 6(a)) once again revealed the depletion of 
[CpMo(CO)3]2 dimer signals upon 532nm photolysis accompanied by formation of its 
mono-phosphine derivatives, Cp2Mo2(CO)5PPh2PhCOOH. On the other hand, di-
phosphine [CpMo(CO)2PPh2PhCOOH]2 dimer appear to exist only in trace amount and 
hence undetectable in our system. In order to confirm the unfavorable formation of the 
di-phosphine [CpMo(CO)2PPh2PhCOOH]2 dimer, the above kinetic simulation was 
repeated with step 3 having the rate of 2 x 109 M-1s-1 whereas step 4 having a slightly 
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lower rate of 1 x 109 M-1s-1, we obtained the similar data set with slight slightly longer 
rise time for the CpMo(CO)2PPh2COOH radical. In all the kinetic simulations, ligand 
substitution reaction (step 2) on the photogenerated CpMo(CO)3 radical species was 
found to be the slowest process within the system (steps 1-4).  
 
3.4.3. Formation of CpFe(CO)PPh3 radicals 
We observed the formation of CpFe(CO)2 and CpFe(CO)PPh3 radical species 
for the 532nm photolysis of [CpFe(CO)2]2 with the presence of free PPh3 in hexane 
(Figure 7). In addition, we could also observe the formation of [CpFe(CO)(PPh3)2] + 
species from this experiment. Figure 8(a) shows the difference in the appearance of rise-
times of CpFe(CO)2, CpFe(CO)PPh3  and [CpFe(CO)2(PPh3)2]+  species. 
Kinetic simulation for the radical recombination of CpFe(CO)2 was first carried 
out based on its life-time (7.50 µsec) in solutions without free phosphines. Hence  the rate 
constant of 3 x 109 M-1s-1 with concentration of the CpFe(CO)2 radical at 2.5 x 10-5 M 
was obtained. Assuming the concentration of PPh3 ligands in the solution is 2.5 x 10-4 M 
and following the sequence of reaction steps 5-9, the kinetics of radical recombination in 
the step 5, 8, 9 would have the same rate of 3 x 109 M-1s-1 whereas the substitution rates 
for steps 6 and 7 are smaller at 5 x 108 M-1s-1 (simulated data set shown in Figure 8(b)). 
Similar data set but with slightly reduced rise-times of both CpFe(CO)PPh3  and 
[CpFe(CO)2(PPh3)2]+  species could be obtained if rates for steps 6 and 7 are 4 x 108 M-
1s-1 and 3 x 108M-1s-1 respectively. 
2 CpFe(CO)2 => [CpFe(CO)2]2    [5] 
CpFe(CO)2 + PPh3 => CpFe(CO)PPh3 + CO   [6] 
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CpFe(CO)PPh3 + PPh3 => [CpFe(CO)(PPh3)2]+   [7]  
CpFe(CO)2 + CpFe(CO)PPh3 => Cp2Fe2(CO)3PPh3   [8] 
2 CpFe(CO)PPh3 => [CpFe(CO)PPh3]2     [9] 
 
A linear scan FTIR differential spectrum recorded during the FTIR monitoring 
of ligand substitution process (Figure 9(a)) showed the fast depletion of [CpFe(CO)2]2 
dimer signals upon 532nm photolysis accompanied by formation of its mono-phosphine 
derivatives, Cp2Fe2(CO)3PPh3 dimer while Figure 9(b) shows the concentration profile of 
this fairly stable Cp2Fe2(CO)3PPh3 species obtained from our linear scan.  
 
3.5. TR-s2-FTIR spectroscopy of CpM(CO)x and Mn(CO)4EPh3 radicals via halogen, 
hydrogen or methyl abstraction [M = Fe, Mo, W; x = 2, 3; E = P, As, Sb] 
 
3.5.1. CpM(CO)x radicals via halogen, hydrogen or methyl abstraction 
Figure 10 shows a typical spectrum of CpFe(CO)2 recorded at 10 μs after 532nm 
laser photolysis of a hexane solution containing CpFe(CO)2I and [CpMo(CO)3]2. As 
expected, the vibrational carbonyl stretches of the photogenerated primary radical, 
CpMo(CO)3 (1914 cm-1 and 2010 cm-1) were observed. The rest of the infrared bands 
pointing at the same direction as CpMo(CO)3 at 1850 cm-1 to 2100 cm-1 corresponded to 
the CpFe(CO)2 radicals formed during the iodine abstraction process. It turns out that 
hydride and methyl precursors can also serve as good sources of radicals where in such 
cases, CpFe(CO)2H and CpFe(CO)2Me have been used in place of CpFe(CO)2I. The 
magnitude of the IR signals of the radicals from these sources is similar to those from 
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halide sources. The occurrence of the abstraction process can be further supported by the 
results obtained from our linear scan FTIR monitoring of the reaction during photolysis. 
For example in the 532nm photolysis of hexane solution containing CpFe(CO)2I and 
[CpMo(CO)3]2, we observed depletion of both CpFe(CO)2I and [CpMo(CO)3]2 with the 
concurrent formation of CpMo(CO)3I, [CpFe(CO)2]2 and Cp2MoFe(CO)5 species (figure 
11). Further work on the infrared carbonyl bands and the lifetimes of CpM(CO)x radicals 
via abstraction of halogen, hydrogen or methyl group are presented in Table 1. 
 
3.5.2. Mn(CO)4EPh3 radicals via abstraction of Br atom by CpMo(CO)3  
The infrared carbonyl bands and the lifetimes of the detected Mn(CO)5, Re(CO)5 
and Mn(CO)4EPh3 radicals via abstraction of Br atom by CpMo(CO)3 are presented in 
Table 2. The identities of the substituted manganese radicals, never previously observed 
spectroscopically, have to be inferred from the vibrational frequency comparisons with 
stable alkyl counterparts. For example, the strongest band assigned to the Mn(CO)4PPh3 
radical at 1975 cm-1 is close to the values for Mn(CO)4PPh3-CH3 (1968 cm-1). Similar 
comparisons can also be made for the methyl derivatives of the arsenic and antimony-
containing manganese carbonyls. Figure 12 shows a typical spectrum of Mn(CO)5 radical 
recorded at 1 µsec after 532nm laser photolysis of a mixture containing Mn(CO)5Br and 
[CpMo(CO)3]2. This spectrum indicates both the presence of Mn(CO)5 and CpMo(CO)3 
as the main radical species as well as the gauche-[CpMo(CO)3]2 intermediate species. 
Bands belonging to the [CpMo(CO)3]2 dimer and the mixed-metal dimer CpMo(CO)3-
Mn(CO)5 were also observed but pointed to the opposite direction of the spectrum 
indicating their formation upon radical-radical recombination process. 
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This halogen abstraction method of producing Mn(CO)5 can be compared to a 
typical case where metal-metal bond photodissociation of Mn2(CO)10 dimer is used as the 
precursor instead. As the Mn2(CO)10 dimer species do not have any no strong electronic 
transitions in the visible region (> 420nm) or absorptions at 532 nm, it is normally photo-
dissociated at uv wavelengths such as 355 nm. At this wavelength and in the absence of 
CO pressure, the competitive irreversible decarbonylation pathway is open and produces 
significant amount of Mn2(CO)9 instead. We did not observe any vibrational bands due to 
Mn2(CO)9 or Re2(CO)9 consistent with the fact that halogen abstraction method is not 
expected to decarbonylate any of the precursor. Thus the abstraction method tends to be 
cleaner as far as the generation of Mn(CO)5 or Re(CO)5 radical species are concerned 
compare to direct UV photolysis of Mn2(CO)10 or Re2(CO)10. 
We have monitored stable organometallic carbonyl products that appear after 
photolysis with linear scan FTIR spectroscopy. For example, in the presence of excess of 
both Mn(CO)5Br and [CpMo(CO)3]2 in hexane solution, a linear scan FTIR spectrum 
taken immediately after the TRS scan was completed shows the presence of strong 
precursor signals as well as new but weak signals attributed to CpMo(CO)3Br (1965cm-1 
and 2046 cm-1). Figure 13 shows the differential IR spectra of the products that appear 
after 532nm photolysis of Mn(CO)5Br and [CpMo(CO)3]2 in hexane solution. In these 
experiments when both [CpMo(CO)3]2 and Mn(CO)5Br are in excess, the IR signals of 
the radicals could be observed even after one time-resolved scan (30 minutes) only, thus 
minimizing any crucial changes of the chemical conditions. It turns out that if far more 
excess radical precursors are used, a continuous observation of TRS signals is possible 
for many hours. As the interferogram corresponding to each microsecond time interval 
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can only be fully collected after one TRS scan (last for about 30 minutes), it is essential 
that either the photoreaction is reversible or the reaction composition remains the same 
by the time the next laser pulse is fired. Otherwise, the generated radical will experience 
a different chemical environment each time during the laser pulse interval and can no 
longer exhibit consistent kinetic behaviour during the interferogram collection period.  
 
3.5.3. Irreversible kinetics of the abstraction process 
In order to elucidate the chemical reversibility of the system, we have chosen the 
CpMo(CO)3/Mn(CO)5Br system at 1:1 molar ratio as an representative system. Figure 14 
shows the spectral changes of the stable organometallic components during the halide 
abstraction process in the [CpMo(CO)3]2/Mn(CO)5Br system. Such linear scan FTIR 
spectral monitoring of the reaction mixture indicates that only Mn2(CO)10, CpMo(CO)2Br, 
and a lesser amount of the mixed-metal complex, CpMo(CO)3-Mn(CO)5, all of which are 
not susceptible to 532nm photolysis remain in the solution as the final stable products 
after 2 hours of photoinitiation (figure 14). The solution gradually changes colour from 
red to yellow as the abstraction progresses leading to speculation that the photoinduced 
reactions between CpMo(CO)3 radical species with the transition carbonyl halide species 
is irreversible although reversibility is essential for acquiring TRIR spectra in a static cell. 
For such cases where the overall process is not reversible, the strengths of TRS 
signals of both the Mn(CO)5 and CpMo(CO)3 radical species should gradually decrease 
as the photolysis progress towards completion since the final products mainly the 
Mn2(CO)10 from this process could not be photodissociated upon 532nm photolysis. Thus 
the reaction progress was monitored using TRIR spectroscopy in order to observe the 
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changes in the free radical spectrum throughout the process. Since each TRS spectrum is 
acquired in about 30 minutes, a total of six TRS spectra could be collected throughout the 
3 hours photodissociation process. Indeed, although the time-resolved IR spectra of 
Mn(CO)5 and CpMo(CO)3 could still be detected, their signals have become much 
weaker and TRS spectra taken towards the end of the photolysis time showed even 
weaker signals of the radicals (Figure 15), consistent with the linear scan measurements. 
The same reversibility test has also been performed on the 
CpMo(CO)3/CpFe(CO)2I system. Initially, we thought that since the [CpFe(CO)2]2 dimer 
product can be subjected to 532nm photodissociation of Fe-Fe bonds, it is possible that 
some sort of reversibility could be achieved as long as the CpFe(CO)2 could abstract the 
iodine from CpMo(CO)3I. However similar irreversible results as those for 
CpMo(CO)3/Mn(CO)5Br system were obtained for the CpMo(CO)3/CpFe(CO)2I  system. 
As it turns out, both the linear and TRS scans pointed towards the same result as in the 
CpMo(CO)3/CpFe(CO)2I system. Although 532nm photodissociation of the resulting 
dimeric [CpFe(CO)2]2 product is possible, reversibility could not be achieved because the 
subsequent photogenerated CpFe(CO)2 radical species is not able to abstract iodine from 
CpMo(CO)3I. Hence, we concluded that at least for both the CpMo(CO)3/Mn(CO)5Br 
and CpMo(CO)3/CpFe(CO)2I systems, the reverse abstraction process is endothermic 
enough to prevent any overall reaction reversibility.  
 
3.5.4. Reaction mechanism of the abstraction process 
Figure 16 shows the decay curves of Mn(CO)5 and CpMo(CO)3 radicals obtained 
from CpMo(CO)3/Mn(CO)5Br system at 1:1 molar ratio. The microsecond lifetimes of 
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the radicals (8.0 μs for Mn(CO)5 and 4.6 μs for CpMo(CO)3) closely resembled those 
obtained from the photodissociation of metal-metal bonded dimers. Consequently, it is 
conceivable that a reaction scheme shown below (step 1-4) could be proposed with the 
radical recombination step 1 and 4 taking significant role in the kinetics of these radicals.  
 
[CpMo(CO)3]2 → 2 CpMo(CO)3                                                     [1] 
CpMo(CO)3 + Mn(CO)5Br → CpMo(CO)3Br + Mn(CO)5             [2] 
CpMo(CO)3 + Mn(CO)5 → CpMo(CO)3-Mn(CO)5                        [3] 
2 Mn(CO)5 → Mn2(CO)10                                                               [4] 
 
Since the concentration of CpMo(CO)3 species is not constant throughout the 
photolytic process especially under 1:1 molar ratio condition of CpMo(CO)3/Mn(CO)5Br 
system, kinetic simulation could not done for an accurate kinetic finding. Unfortunately, 
rate constants for many of these abstraction reactions are not known but even if they had 
been measured before, the recombined error in all the required rate constants would only 
make the discussion to be at best, semi-quantitative. At this stage, the non-constant 
concentration of CpMo(CO)3 radical species throughout the TRS data collection 
obviously renders the kinetic data to be difficult to interpret. In addition, CpMo(CO)3 
radicals could combine efficiently with Mn(CO)5. Indeed, the mixed-metal complex, 
CpMo(CO)3-Mn(CO)5 observed in the system most likely came from the cross-radical 
recombination reaction.  
On the basis of the linear scan FTIR observations that mixed-metal complex, 
CpMo(CO)3-Mn(CO)5 remained at very low concentrations throughout the abstraction 
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process (Figure 12),  it could be possible that this mixed-metal complex is either an 
intermediate in the abstraction reaction albeit a long-lived one or once this mixed-metal 
complex has been formed, it will remain reactive throughout the photolysis. Furthermore, 
the CpMo(CO)3-Mn(CO)5 concentration continues to grow and reaches a maximum at an 
earlier time than either Mn2(CO)10 or CpMo(CO)3Br as indicated in the linear scan 
spectrum. The kinetics for the formation of this mixed-metal species may depend on both 
CpMo(CO)3 and Mn2(CO)10 concentrations, as shown in steps 5 and 6. Less reactants are 
available towards the end of the photolysis and this decrease the production of the 
radicals which in turn, causes a more abrupt decrease in the production rate of 
CpMo(CO)3-Mn(CO)5 species. 
 
3.6. TR-s2-FTIR spectroscopy of allyliron carbonyl radicals via Br or Cl abstraction 
using photogenerated CpFe(CO)2 as primary radical 
 
3.6.1. Production of R-C3H4Fe(CO)2L radicals 
Allyliron tricarbonyl radicals have been extensively studied as they may serve as 
models for important catalytic intermediates such as (π-allyl)Fe(CO)3H in the 
photoisomerization of alkenes [18]. In fact, the fairly stable radical C3H5Fe(CO)3 is 
known to be in equilibrium with its dimer [C3H5Fe(CO)3]2 [19-22]. However, the laser 
photochemical generation of such radical species, together with the time-resolved step 
scan FTIR spectroscopy studies of R-C3H4Fe(CO)2L [R = H, Me, Ph; L = CO, PPh3] 
radical species have not yet been investigated.  In this section of thesis, we sought to 
report the detailed spectral information together with the kinetics of these species.  
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Our collected TRS data indicated the production of R-C3H4Fe(CO)2L [R = H, Me, 
Ph; L = CO, PPh3] radical species by halogen abstraction from the stable R-
C3H4Fe(CO)2LX (X = Br, Cl) species using 532nm photogenerated CpFe(CO)2 as 
primary radical. Figure 17 shows the spectra of R-allyl-Fe(CO)3 radical species (R = H, 
Ph). The detected IR frequencies of the R-C3H4Fe(CO)3 radical species, shown in Table 3, 
match well with the corresponding literature values. Detection of CpFe(CO)2X species 
(Table 4) in our FTIR linear-scan further supports the existence of halogen abstraction 
from stable R-C3H4Fe(CO)2LX species by the photogenerated CpFe(CO)2 radical. Table 
4 summarizes the IR data obtained from linear scan IR monitoring of stable species 
formed upon the halogen abstraction and radical recombination. To our knowledge, both 
Ph-C3H4Fe(CO)3 and Me-C3H4Fe(CO)3 radical species have not been detected before. As 
both crotyl and cinammyl ligands are more sterically demanding than the allyl ligand and 
are more electron-donating (which cause greater π-back bonding effect), there is an 
apparent red shift of approximately 10 cm-1 with respect to the vibrational frequencies of 
C3H5Fe(CO)3, as shown in our TRS data.  
The TRS data also indicated that Me-C3H4Fe(CO)3 radical species produces three 
rather than two IR bands (Figure 18). We observed the same decay manner of the 3 bands 
thus securely assigning these bands belonging to Me-C3H4Fe(CO)3 radical species. This 
observation could be explained by looking at the destruction of C3v geometry of Me-
C3H4Fe(CO)3 compare to C3H5-Fe(CO)3 species. The methyl substitute at the terminal 
carbon of the allylic ligands causes the lowering of molecular symmetry. 
Upon successful detection of these species, the subsequent IR recording of the 
phosphine derivatives, Me-C3H4Fe(CO)2PPh3 species was also performed. Figure 19 
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shows the typical TRS spectrum of Me-C3H4Fe(CO)2PPh3 species recorded at 2 μsec 
after 532nm laser pulse. The two detected IR bands assigned to this radical match very 
well  with those bands for C3H5Fe(CO)2PPh3 radical species (1960 and 1897 cm-1 in 
THF), and are consistent with the shift to lower wavenumbers upon phosphine 
substitution with respect to the Me-C3H4Fe(CO)3 radical species. 
It was observed that the transient IR signals of R-C3H4Fe(CO)2L [R = H, Me, Ph; 
X = CO, PPh3] radical species tend too decay very slowly ( > 50msec ) back to the 
original spectral baseline. This might be due to the equilibrium between the dimeric and 
monomeric species of allylic precursor at room temperature, which have been reported in 
literature. Our kinetics measurements carried out at usec time scale, however, allows us 
to determine the time for the photogenerated concentration of the allylic radical to 
decrease to the corresponding concentration in the room temperature. It was found Ph-
C3H4Fe(CO)3 has the longest decay time and this observation could be attributed to the 
steric hindrance offered by the phenyl ring (see Table 3). On the contrary, the 
C3H5Fe(CO)3 radical has the least bulky substituent, hence its radical recombination rate 
could proceed quickly. Comparing Me-C3H4Fe(CO)3 with Me-C3H4Fe(CO)2PPh3, we 
found that the bulky PPh3 group inhibit further the radical recombination. 
 
3.6.2. Reaction mechanism of abstraction process 
Although the exact reaction mechanism of the abstraction process remained 
unknown, one possible reaction cycle could be postulated. The possible reaction cycle 
could be initiated by having the CpFe(CO)2 radical species generated from the 532nm 
photodissociation of Fe-Fe bonds of Cp2Fe2(CO)4 dimer in our TRS experiments (step 1). 
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The CpFe(CO)2 radical then abstracts the Cl or Br atom from the allyliron carbonyl 
precursor, R-C3H4Fe(CO)2LX [R = H, Me, Ph; L = CO, PPh3; X = Cl, Br] leading to the 
formation of R-C3H4Fe(CO)2L radical species (step 2) and the fairly stable CpFe(CO)2X 
species which has been detected during the linear scan FTIR monitoring. 
 
[CpFe(CO)2]2 ↔ CpFe(CO)2                                                                       [1] 
CpFe(CO)2 + R-C3H4Fe(CO)2LX ↔ R-C3H4Fe(CO)2L + CpFe(CO)2X    [2] 
2 R-C3H4Fe(CO)2L ↔ [R-C3H4Fe(CO)2L]2                                                [3] 
R-C3H4Fe(CO)2L + CpFe(CO)2 ↔ R-C3H4Fe(CO)2L- CpFe(CO)2            [4] 
 
Once the R-C3H4Fe(CO)2L radicals were generated, two possible reaction routes 
could be postulated i.e. steps 3 and 4. Under our static-cell experimental conditions, it 
seems that we would not be able to resolve the kinetic complications attributed by these 
inter-dependence reaction steps. For instance, the dimeric [R-C3H4Fe(CO)2L]2 species 
from reaction 3 would have the same susceptibility to 532nm photolysis, hence 
regeneration the R-C3H4Fe(CO)2L radical. Hence unlike the abstraction reactions of 
Mn(CO)5Br and its derivatives which are essentially irreversible, the π-allyl system here 
is more complicated. The further recombination (step 4) of the resulting  R-C3H4Fe(CO)3 
[R = H, Me, Ph] with CpFe(CO)2 radical species result in corresponding dimer species R-
C3H4Fe(CO)2L [R = H, Me, Ph; L = CpFe(CO)2]  which have not been characterized 
before. Nevertheless the IR assignments to the R-C3H4Fe(CO)2L [R = H, Me, Ph; L = 
CpFe(CO)2] dimer species were based on the appearance and the similarity of their 
possible IR bands in both our TRS data and linear IR scan. This radical recombination 
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process could be the major reaction step at the later stage of photolysis whereby higher 
concentrations of both R-C3H4Fe(CO)3 [R = H, Me, Ph] with CpFe(CO)2 radical species 
are available. Unfortunately we found that the reaction pathways of these allyliron 
carbonyl radicals could not be tracked with the CKS kinetic simulation currently. This is 
due to the complications offered by the reversibility of the system as well as largely 
unknown rate constants of almost all the steps involved. Work is still in progress in 
attempting to fit the experimental data to the best possible kinetic simulation. 
  
3.7. An assessment to the methods of free radical generation 
Three methods of obtaining time-resolved step-scan Fourier-Transform infrared 
(TR-s2-FTIR) absorption spectra of transition metal carbonyl radicals in hexane have 
been discussed in this thesis. For the first method, CpM(CO)2L and Cp*M(CO)2L (M= 
Mo, W; L = CO, PR3) radicals have been generated by photodissociation of the 
corresponding metal–metal bonded dimers. Radicals of formula M(CO)4L (M = Mn, Re; 
L = CO, PR3, AsPh3, SbPh3) and CpM(CO)n (M = Fe, Mo; n = 2, 3) have been produced 
via the second method which is halogen abstraction of the transition metal carbonyl 
halides using CpMo(CO)3 radical. For the third method, fast radical ligand substitution 
kinetics has been exploited to generate CpMo(CO)2PR3 radicals from CpMo(CO)3 in the 
presence of free phosphines. An assessment of the three methods with respect to TR-
FTIR spectroscopic detection of radicals is discussed here. 
Photodissociation of metal-bonded dimers is straightforward with interpretable 
radical–radical recombination kinetics. It is the only method described here where 
reversible kinetics could be achieved for all systems. However, unless the metal-bonded 
 71
dimers are commercially available, syntheses of the dimers have to be carried out and 
interpretation of the kinetics data could be brought into question if there are significant 
impurities or side products left in the synthesis step. Low quantum yields and 
decarbonylation pathways upon metal–metal bond dissociation are also among some 
factors causing low radical concentrations. 
Halogen abstraction by CpMo(CO)3 radical is the most versatile of the three 
methods presented here. Many transition metal carbonyl halides are commercially 
available, relatively air stable and easily derivatized with phosphines and other two-
electron donors. The long wavelength required to produce CpMo(CO)3 also prevents 
extensive halide photodecomposition and decarbonylation. While the abstraction process 
works well for first row halides, it could be difficult to apply to later row species such as 
CpRu(CO)2Cl and (Indenyl)Ru(CO)2I. We have failed to carry out halogen abstraction of 
these ruthenium species by CpMo(CO)3 presumably due to the stronger ruthenium–halide 
bond. Compared to the first method, the interpretation of the irreversible halogen 
abstraction process could be more difficult as well. 
Radical ligand substitution is excellent for generating spectroscopic data of 
phosphine-containing transition metal carbonyl radicals. Unlike the photodissociation of 
metal-metal bonds, the syntheses of high purity phosphine-containing metal-bonded 
precursors are not required. Ligand substitution rate studies have so far been restricted to 
a very few classes of radicals. We hope to provide some impetus for such studies since 
both radicals before and after substitution could be directly detected and characterized. 
Obviously the shortcomings are reflected in a more complicated kinetic scheme in which 
nanosecond TR-s2-FTIR timescale may not be sufficiently short to detect differences in 
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the rise-time between the two radicals. A pico-second TR-FTIR system will be of more 
general use for such measurements. 
The three methods used here have widened the scope for spectroscopic detection 
of transition metal carbonyl radicals. All three methods should be exploited in a 
complementary manner so that a thorough understanding of the spectroscopy and kinetics 
of transition metal carbonyl radicals could be achieved. The requirement of complete 
reversibility in the reactions is also not necessary if methods 2 and 3 were employed, 
hence reducing considerable amount of time in devising such reaction schemes for TR-s2-
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Chapter 4: FTIR Spectroscopy of Iron Carbonyl 




4.1.1. Photoisomerization of allylic alcohols 
Photoisomerization of alkenes by iron carbonyl species has been the subject of 
intense study for many years. Several aspects such as the catalytic efficiency of different 
metal precursors and detection of key intermediates generated separately in low-
temperature matrix and gas phase have been explored [1-5]. By far, iron pentacarbonyl 
Fe(CO)5 has been the precursor of choice for photoisomerization and in the case of allylic 
alcohols, aldehydes or aldol products are produced irreversibly upon tautomerization [6-
11]. While the proposed active catalyst Fe(CO)3 and key intermediate HFe(CO)3(allyl) 
have been observed mainly under low-temperature matrix or gas phase conditions [1] and 
computational study on the mechanism of iron carbonyls-mediated isomerization of 
allylic alcohols to saturated carbonyls has been carried out [6], a more convincing 
evidence to support the catalytic photoisomerization of allylic alcohols could be obtained 
if some of these intermediate species could be detected directly during the room 
temperature process itself with low catalytic loading.  
In this work, we have largely focused on triiron dodecacarbonyl Fe3(CO)12 as the 
catalytic precursor because of its much milder toxicity as well as the ease of handling the 
solid. Since the toxic properties of volatile Fe(CO)5 could limit its use as a versatile 
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reagent in most organic syntheses, photoisomerization in the presence of Fe3(CO)12 at 
room temperature may offer a better alternative [4]. Fe3(CO)12 is also a much less-studied 
catalytic precursor in terms of its mechanism as it is often assumed to behave in a similar 
manner to Fe(CO)5. Another catalytic percursor, Fe(CO)4PPh3 has also been used in this 
work for comparison studies [12].  
 
4.1.2. Our objectives 
We have used pulsed laser-FTIR absorption spectroscopy to monitor directly the 
spectral evolution of the precursor, intermediates and final product of the 
photoisomerization of allyl alcohols to aldehydes during isomerization. Compare to a 
broadband source, the intense laser light, either in the visible (532nm) or uv region (355 
nm) could enhance the probability of detecting low concentrations of intermediate 
species. We have chosen the study of allylic alcohol isomerization rather than that of a 
simple alkene because of the ease of monitoring the strong νCO stretch at 1700-1730 cm-1 
of aldehyde using IR spectroscopy. At the same time, transition metal carbonyl 
intermediates produced during the catalytic cycles could be recorded via their distinctive 
CO stretches around 1900-2100 cm-1.  
In this study, the FTIR monitoring of the reactive intermediate species is greatly 
restricted by the overlapping of the IR bands of various co-existing species in the region 
of organometallic carbonyl vibrational band. Fortunately, the identity of the species can 
be resolved by the relative band intensity in those less-affected regions. The direct 
detection of these intermediate species during the catalytic process is of considerable 
importance in providing a clear evidence to support the current catalytic mechanism of 
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photoisomerization of allylic alcohols. Using the data set from this study as reference, 
extensive investigation work in a more systematic manner focusing on the tandem 
isomerization-condensation reactions for transportation of allylic alcohol to idols could 
be explored in near future. 
 
4.2. Experiment 
4.2.1. Sample manipulations 
 All the manipulations were carried out in the dark under nitrogen environment to 
avoid decomposition of the catalysts. Hexane and toluene were distilled before use and 
Fe(CO)4PPh3 was prepared according to literature methods [12]. Fe3(CO)12 was obtained 
from Strem Chemicals while allyl alcohol, methylallyl alcohol and phenylallyl alcohol 
were from Sigma-Aldrich and used without further purification. A typical preparation for 
each kinetic run would be to mix the allyl alcohol (~ 0.01 mol) and the metal carbonyl (~ 
10-5 mol, loading = 0.1-1.0%) into 30ml hexane or toluene. 
We have intended to use a broadband xenon lamp source (200W) to initiate the 
catalysis but it has been found to be too weak to produce any measurable amount of iron 
carbonyl intermediates although conversion of allyl alcohol to aldehyde was observed.  
Hence a Nd-YAG pulsed laser system (10 Hz Continuum Surelite III-10, 8 ns pulse width) 






4.2.2. FTIR spectroscopy monitoring 
 A brief description of the cell used for performing FTIR monitoring on the 
reaction mixture is given here and can also be found in reference [13]. It is a home-made 
stainless steel cell of volume 40 cm3 fitted with CaF2 windows for passage of the IR 
probe beam. Absorbance path-lengths of 0.2 to 5 mm could be accommodated by manual 
adjustment of the window holders. The cell also allowed for placement of quartz or glass 
windows to permit photodissociation by a laser beam propagated at right angles to the IR 
probe beam. A magnetic bar was used to provide continuous stirring while inlet and 
outlet ports on each side of the cell allowed for N2 bubbling through the solution if 
required. 
Infrared spectra during irradiation were obtained using a Nicolet Nexus 870 FTIR 
spectrometer operating in rapid scan mode (1000 - 4000 cm-1, 2 cm-1 resolution, 16 scans 
coadded for spectral averaging). Spectral acquisition with the total collection time of 180 
minutes at an interval of 3 minutes was typically carried out. Difference spectra (solvent, 
allyl alcohol and metal precursor as background) were recorded so that the changes in IR 
absorption with respect to the initial conditions could be observed. Spectral depletion of 
the reactants would be represented by the IR bands pointing towards one direction 
whereas the production of newly-formed species was shown by the IR bands pointing 
oppositely. Absolute spectra (only solvent as background) were scanned so that the 
concentrations of all the detected species could be estimated. In this case, all vibrational 
bands will point towards the same direction in the spectrum.  
Beer-Lambert's law (Abs = εcl) was used for concentration determination. The 
vibrational band extinction coefficients, ε for allyl alcohol and aldehyde were determined 
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experimentally in our laboratory by using pure samples of each species as the calibrant. 
Since most of the iron carbonyl intermediates here have not been previously detected, we 
have used the data for the analogous alkene species in which their extinction coefficients, 
ε of vibrational bands have been determined. For example, we used the coefficients for 
Fe(CO)4(C3H6) in order to estimate the concentration of Fe(CO)4(C3H5OH). However, 
the absolute values of ε are not known for π-allyl hydride species. As a first 
approximation, the band intensity was also based on the Fe(CO)4(C3H6) for 
HFe(CO)3(C3H4OH) species. Unfortunately the value for the phosphine-substituted 
species, Fe(CO)3(PPh3)(C3H5OH) is unavailable hence its concentration could not be 
estimated. Usually the area under the curve for only one band of each species (the one of 
least spectral interference from other species) was used for the concentration 
determination as well as monitoring the progress of the species.  
 
4.3. Results and discussion 
4.3.1 Fe3(CO)12-catalyzed photoisomerization using 532nm Laser 
The 532 nm photolysis of 3mg Fe3(CO)12 in 35ml hexane was first carried out to  
characterize the main transition metal carbonyl products formed. Differential FTIR 
spectrum obtained from 532nm irradiation for 1 to 2 hours resulted in infrared spectral 
changes in the organometallic CO-stretch region around 1980-2060 cm-1, as shown in 
figure 1. In such kinetic-run data, spectral depletion of the reactants was represented by 
the IR bands pointing downwards whereas the production of the newly-formed species 
was shown by the IR bands pointing upwards instead. The depletion of Fe3(CO)12 (2047 
cm-1 and 2028 cm-1) and the concurrent production of Fe(CO)5 (2023 cm-1and 2000 cm-1) 
were observed.  The detected vibrational frequencies of Fe(CO)5 were consistent with 
those IR bands obtained from FTIR scan of liquid Fe(CO)5 in hexane solution. 
Furthermore, Fe2(CO)9 species, which could be produced from UV irradiation of Fe(CO)5, 
could not be seen through the 532nm photolysis in our experiment. This explains the 
lower reactivity of Fe(CO)5 in the non-polar solution could cause concentration of 
Fe(CO)5 to increase and eventually reach a concentration detectable by our system. 
 
Figure 1. The 532 nm photolysis of 3mg Fe3(CO)12 in 35ml hexane was carried out. 
Differential IR spectrum obtained from irradiation for 117 minutes indicated the 
depletion of (a) Fe3(CO)12 (2047 cm-1 and 2028 cm-1) and the concurrent production of (b) 
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The production of gas-phase Fe(CO)5 (2035 cm-1 and 2014 cm-1) and CO gas 
from Fe3(CO)12 was also observed when gas cell was connected to the flash containing 
decane solution of Fe3(CO)12 under the same photolytic environment (figure 2). 
Interestingly, we then observed the same IR signal of gas-phase Fe(CO)5 when solid 
Fe3(CO)12 was subjected to the same photolytic environment. This observation is 
consistent with the photodecomposition of the asymmetrical Fe3(CO)12 in which three 
products were postulated, Fe(CO)5, Fe(CO)4 and Fe(CO)3. As the latter two species are 
highly reactive and hence are presented in low concentrations, their fast decays could 
explain why their existences could not be tracked by our current experimental setup. 
With visible irradiation (532nm) on hexane solution mixture of Fe3(CO)12 and 
allyl alcohol, we have detected, in addition to the depletion of Fe3(CO)12 and Fe(CO)5,  
the production of Fe(CO)4(C3H5OH) species at 2085 cm-1, 2001 cm-1 and 1985 cm-1 
(shown in figure 3). We also observed the production of propionaldehyde at 1741 cm-1. 
The identity of Fe(CO)4(C3H5OH) species, which has never been studied, could be 
inferred from the IR bands of similar allyliron carbonyl species. IR assignment of 
detected Fe(CO)4(C3H5OH) species was resolved based on the similarity in band position 
with the IR bands of other similar Fe(CO)4(alkene) species such as Fe(CO)4(C3H6) 
species (2083m, 2001s, 1976s) (see Table 1) [1,3].  
The 532 nm irradiation even at higher energies (> 20 mJ/pulse) resulted in a slow 
conversion of Fe3(CO)12 to Fe(CO)5 and presumably other species including Fe(CO)4 and 
Fe(CO)3. Since Fe(CO)5 has no absorptions in the green region, the formation of 
Fe(CO)4(C3H5OH) was attributed to the coordination of allyl alcohol with Fe(CO)4 [2]. 
The existence of Fe(CO)4 in our catalytic system was further supported with the results 
obtained from visible irradiation of a hexane solution containing Fe3(CO)12, allyl alcohol 
and a trace amount of PPh3 in which Fe(CO)4PPh3 species was detected.  
 
Figure 2. IR spectra show the production of gaseous Fe(CO)5 by photolysing decane 












Figure 3. With 532nm irradiation of 35ml hexane solution of 2mg Fe3(CO)12 and 1ml 
allyl alcohol for 51 minutes, we have detected, in addition to the IR bands of (a) 
Fe3(CO)12 at 2047 cm-1, 2028 cm-1 and (b) Fe(CO)5 at 2023 cm-1 and 2000 cm-1, the 
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Species Observed IR Bands (cm-1) and 
selected extinction coefficient, ε 
(in parenthesis, ml mg-1mm-1)* 
Selected values  
from reference 1 
Fe3(CO)12 2047 (4.95), 2028  
Fe(CO)5 2022 (4.90), 1999 Fe(CO)5  
2023, 1996 
Fe(CO)4(C3H5OH) 2085, 2001, 1985(3.57) Fe(CO)4(C3H6)  
2081, 2000, 1979  
HFe(CO)3(C3H4OH) 2062, 1989 HFe(CO)3(C3H5)  
2064, 1994 
Fe(CO)4(Me-C3H4OH) 2072, 2013, 1983  
HFe(CO)3(Me-C3H3OH) 2060  
Fe(CO)4(Ph-C3H4OH) 2070, 2011, 1987  
HFe(CO)3(Ph-C3H4OH) 2059, 1987  
Fe(CO)3(C3H5OH)PPh3 2022, 1958, 1930 Fe(CO)3(C2H4)PPh3 
2022, 1961, 1931 
Fe(CO)4PPh3 2051, 1977, 1944 Fe(CO)4PPh3 
2052, 1979, 1946 
Propionaldehyde 1741 (0.40) - 
Allyl alcohol 1647 (0.026) - 






Figure 4(a) shows the concentration profiles of propionaldehyde and allyl alcohol 
during 532nm photoisomerization. While the full depletion of ≈ 2 x 10-5 mol/ml C3H5OH 
was noticeable after 1 hour of irradiation, only ≈ 1.3 x 10-5 mol/ml of propionaldehyde 
was produced under a catalytic loading of 0.5%. This was partly due to the high vapor 
pressure of aldehyde, where certain amount of it has escaped to fill the volume above the 
solution within the cell. However other species might have formed but since the detection 
of aldehyde in our case was primarily used to verify the occurrence of catalysis, we have 
not attempted to detect other products of this system. 
Figure 4(b) shows the concentration profiles of Fe3(CO)12, Fe(CO)5 and 
Fe(CO)4(C3H5OH) during the irradiation period. While Fe3(CO)12 showed a gradual 
decay, the IR bands of Fe(CO)5 was found to evolve faster and achieved three to four 
times higher concentration than Fe(CO)4(C3H5OH). By adding the concentration of these 
two species, we found that Fe3(CO)12 has mostly dissociated to yield Fe(CO)5 and 
Fe(CO)4(C3H5OH) under 532 nm photolysis. We have also carried out 
photoisomerizations of other allyl alcohol such as methylallyl alcohol and phenylallyl 
alcohol systems and similar results were obtained.  
Since the aldehyde has been shown to be generated catalytically, the active 
species should be present in the reaction mixture. As Fe(CO)4(C3H5OH) also does not 
possess any absorption in the 532nm region, it is unlikely that this species will further 
dissociate to yield Fe(CO)3, presumably the active catalytic species.[2,14] However the 
direct formation of Fe(CO)3 from Fe3(CO)12 might account for the production of the 16-
electron Fe(CO)3(C3H5OH) species, which in turn undergoes rapid intramolecular 
rearrangement to form the 18-electron  π-allyl iron hydride species HFe(CO)3(C3H4OH) 
species [6]. Unfortunately we have failed to observe any IR signals attributable to 
HFe(CO)3(C3H4OH). This might be due to the small absorption cross-section of 
Fe3(CO)12 producing only little amount of intermediate species at each pulse.   
 
Figure 4 (a) Concentration profiles of propionaldehyde and allyl alcohol during 532nm 
photoisomerization of allyl alcohol in hexane using Fe3(CO)12. (b) Concentration profiles 
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4.3.2. Fe3(CO)12-catalyzed photoisomerization using 355nm Laser 
We have observed the π-allyl iron carbonyl hydride, HFe(CO)3(R-C3H3OH) (2062 
cm-1) species which is postulated to be the key intermediate in the isomerization process 
when the photoisomerization was conducted with 355nm laser irradiation. Figure 5 shows 
the weak IR signal of this iron carbonyl hydride species from 355nm photolysis of 35ml 
hexane solution of 2mg Fe3(CO)12 and 1ml allyl alcohol. A similar experiment with 
increased amount of Fe3(CO)12 (10mg) enabled us to record the absolute IR spectra of 
this intermediate during the 355nm photoisomerization (see figure 6). In addition, we 
observed the shoulder band at 1989 cm-1 (see figure 6) has the same spectral evolution as 
the band at 2062 cm-1, and thus securely assigned both bands to single species within the 
catalytic system. IR assignments of the detected HFe(CO)3(R-C3H3OH) species, which 
has never been studied, were resolved based on the similarity in the IR bands’ position 
with those for HFe(CO)3(C3H5) species (2064 cm-1 and 1994 cm-1) detected in a matrix [1, 
3].  
As mentioned earlier, the concentration of the π-allyl iron carbonyl hydride, 
HFe(CO)3(R-C3H3OH) species was based on the extinction coefficient values derived 
from Fe(CO)4(C3H6). Although the error associated with such an estimate could be large, 
we believe that this species was indeed present in very low concentrations because of the 
greater difficulties in its detection compare to Fe(CO)4(C3H5OH). When methylallyl 
alcohol or phenylallyl alcohol were used as the substrate, the corresponding π-allyl 
hydride were also detected but at lower signal-to-noise ratios. Due to spectral overlap, the 
lower-frequency band of the π-methylallyl hydride species was not observable. Thus 
subsequent investigations of this species were conducted using the parent allyl alcohol 
(C3H5OH) system itself.  
 
 
Figure 5. We have observed the (a) HFe(CO)3(C3H4OH) species by photolysing 35ml 
hexane solution of 2mg Fe3(CO)12 and 1ml ally alcohol with 355nm laser. Spectrum 
recorded at 57 minutes shows the weak IR signal of this iron carbonyl hydride species at 
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Figure 6. The absolute IR bands of (a) Fe3(CO)12 (b) Fe(CO)5 (c) Fe(CO)4(C3H5OH) and  
and (d) HFe(CO)3(C3H4OH) during 355nm irradiation of 35ml hexane solution of 2mg 
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We have also investigated the possibility that the new signals might have come 
from a bis-allyl alcohol species such as Fe2(CO)6(C3H5OH)2 since its alkene counterpart 
also possesses two vibrational bands in the same region (Fe2(CO)6(C3H6)2, 2050 cm-1, 
1975 cm-1) [1]. However the intensity of the two detected bands were roughly equal in 
the spectrum and hence they clearly did not match those of the bis-alkene species where 
the lower-frequency vibration is at least ten times more intense than the higher frequency 
vibration. A detail search of the literature also could not reveal any other matches for the 
bands observed here. Interestingly, we found that these two bands also occurred in the 
Fe(CO)4PPh3 catalytic system as will be discussed later.   
When the rise of the aldehyde signal was compared for the 532nm and 355 nm 
case, it appeared that under similar experimental conditions, the isomerization has 
proceeded about three times faster for the latter case (see Figure 7(a)). For the 355 nm 
irradiation system, a much faster isomerization process was observed primarily due to the 
larger absorption cross-section of Fe3(CO)12 thus yielding more intermediate species to 
effect the process. Fe(CO)5 and Fe(CO)4(C3H5OH) have also been detected in this system 
and unlike visible light irradiation, photodissociation of Fe(CO)5 and Fe(CO)4(C3H5OH) 
could now take place upon 355nm irradiation to produce Fe(CO)3-containing species in 
addition to its direct production from Fe3(CO)12 [15].  This would provide one of the 
main factors on the successful detection of HFe(CO)3(R-C3H3OH) at this uv wavelength. 
Subsequent loss of CO from Fe(CO)4(C3H5OH) species upon further 355nm photolysis 
might also enhance the production of Fe(CO)3(C3H5OH) species, which then rearrange to 
form more HFe(CO)3(C3H4OH) molecules.  
Figure 7. (a) Concentration profile of propionaldehyde and allyl alcohol during 355nm 
photoisomerization of allyl alcohol using Fe3(CO)12. (b) Concentration profiles of 
































Figure 7(b) shows the decay of Fe3(CO)12 after 1hour of 355nm photolysis, 
together with the concurrent productions of Fe(CO)5, Fe(CO)4(C3H5OH) and 
HFe(CO)3(R-C3H3OH). Compare to the 532 nm case, the concentration of Fe(CO)5 was 
roughly equal to that of Fe(CO)4(C3H5OH) which indicate the fact that the former species 
has undergone further photolysis to yield the latter species as one of its main products. 
However the Fe(CO)4(C3H5OH) did not increase indefinitely since it was also subjected 
to subsequent photolysis. As expected, the reactive HFe(CO)3(C3H4OH) species appeared 
in lower concentrations, at least three times less, throughout the spectral monitoring 
although its concentration gradually increase during the irradiation period. According to 
many proposed mechanisms, the π-allyl hydride species comes directly from the 
intramolecular rearrangement of Fe(CO)3(C3H5OH) (isomer A, bonded to C=C not 
directly attached to OH) while it decays via the reverse process where the hydride 
attached to the iron atom transfers back to the allyl alcohol system where the isomeric 
Fe(CO)3(C3H5OH) (isomer B, C=C directly bonded to OH);    
                                    k1                                    k2 







(bond lengths shown)  
 91
 92
Although it is assumed that the π-allyl hydride species is extremely short-lived, 
under certain conditions where k2 < k1, a buildup of this species could occur which then 
would account for its slight concentration increase towards the later part of photolysis. 
According to computational models of reference [6], the first and second steps of the 
reaction possess Gibbs activation energies of ≈8 kcal/mol and ≈11 kcal/mol respectively. 
(isomer A here is equivalent to structure 2b and isomer B is structure 4a of reference 6) 
This indicates that the conversion of π-allyl hydride to isomer B is slightly hindered and 
thus would have increased its lifetime.    
 
4.3.3. Fe(CO)4PPh3-catalyzed photoisomerization using 355nm laser 
We have also extended our photoisomerization studies to the Fe(CO)4PPh3-
catalysed system. Figure 8 shows the production of Fe(CO)3PPh3[C3H5OH] and 
HFe(CO)3[C3H4OH] from 355 nm photolysis of the hexane solution of Fe(CO)4PPh3 and 
allyl alcohol. Figure 9(a) shows the concentration profiles of the allyl alcohol and 
aldehyde during 355nm photoisomerization using Fe(CO)4PPh3 as the catalytic precursor. 
As expected from previous literature, the catalytic activity was about three to four times 
less effective compared to those catalyzed by Fe3(CO)12 under the same catalytic loading 
[2]. The photochemistry of Fe(CO)4PPh3 species resembles that of Fe(CO)5 rather than 
Fe3(CO)12 in which uv light excitation is required for CO-loss activation. Figure 9(b) 
shows the concentration profile of Fe(CO)4PPh3, Fe(CO)3PPh3(C3H5OH) and 
HFe(CO)3(C3H4OH) during the photoisomerization process. Both Fe(CO)3PPh3(C3H5OH) 
and HFe(CO)3(C3H4OH) species were found to be in relatively low concentrations 
throughout the isomerization process.  
Figure 8. Production of (a) Fe(CO)3PPh3[C3H5OH] and (b) HFe(CO)3[C3H4OH] from 
355nm photolysis of 35ml hexane solution of 10mg (c) Fe(CO)4PPh3 and 1ml allyl 
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Figure 9.(a) Concentration profiles of propionaldehyde and allyl alcohol during 355nm 
photoisomerization of allyl alcohol using Fe(CO)4PPh3. (b) Concentration profiles of 
Fe(CO)4PPh3, Fe(CO)3PPh3(C3H5OH) and HFe(CO)3(C3H4OH) under the same 
conditions. The concentration axis only refers to that of Fe(CO)4PPh3 and 
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Although steric effect of phosphorus ligands on Fe(CO)4(P-donor)- and 
Ru3(CO)9(P-donor)3-photocatalyzed 1-pentene isomerization has been reported [12], in 
our system, a series of possible catalytic pathways (shown below) involving detachment 
of either PPh3 or CO ligands could be proposed and requiring a further detailed 
mechanistic study. 
 
Fe(CO)4PPh3  (+hν) → Fe(CO)3PPh3 + CO                                    [1] 
Fe(CO)4PPh3  (+hν) → Fe(CO)4 + PPh3                                         [2] 
Fe(CO)4PPh3  (+hν)→ Fe(CO)3 + CO + PPh3                                [3] 
Fe(CO)3PPh3 + C3H5OH  → Fe(CO)3PPh3(C3H5OH)                     [4] 
Fe(CO)4 + C3H5OH  → Fe(CO)4(C3H5OH)                                     [5] 
Fe(CO)3PPh3(C3H5OH) (+hν)→ HFe(CO)3(C3H4OH) + PPh3        [6] 
Fe(CO)3PPh3(C3H5OH) (+hν)→ HFe(CO)2PPh3(C3H4OH) + CO   [7] 
Fe(CO)4(C3H5OH) (+hν)→ HFe(CO)3(C3H4OH) + CO                   [8]  
           Fe(CO)3 + C3H5OH  → Fe(CO)3(C3H5OH)                                        [9] 
          Fe(CO)3(C3H5OH) → HFe(CO)3(C3H4OH)                                       [10] 
 
Attempts were made for the detection of both Fe(CO)4(C3H5OH) and 
HFe(CO)2PPh3(C3H4OH) species but their vibrational bands were not seen despite 
changing the allyl alcohol concentrations, increasing the laser energy or adding free 
phosphines into the reaction mixture. The detection of Fe(CO)3PPh3(C3H5OH) species in 
our experiments suggested that reaction 4 is preferred over reaction 5, and this in turn 
suggested that the detachment of CO (reaction 1) is more likely compare to the 
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detachment of PPh3 (reaction 2). However, the sensitivity of FTIR monitoring is not high 
enough to prove the complete absence of reactions 2 and 5.  
At first it seems surprising that we have observed the same two vibrational bands 
attributed to HFe(CO)3(C3H4OH) in this phosphine-containing catalytic system. It 
appears that a common iron allyl hydride species is acting as the key intermediate in 
these two systems. The simplest explanation to account for the formation of 
HFe(CO)3(C3H4OH) is due to the production of Fe(CO)3 formed from a direct 
dissociation of two ligands (CO and PPh3) from Fe(CO)4PPh3 since the photolysis of 
Fe(CO)5 itself is also known to produce Fe(CO)3. If it were the major pathway, it would 
explain the presence of the hydride species in this phosphine-containing system as well.  
However there is an alternate way to consider how the hydride species could be 
formed. Since Fe(CO)4(C3H5OH) species was not detected in this system or is present 
only as a minor component, the possibility of forming HFe(CO)3(C3H4OH) from 
Fe(CO)4(C3H5OH) would have to be excluded (reaction 8). Reaction 6, however remains 
a possible pathway for generating the hydride species since Fe(CO)3PPh3(C3H5OH) has 
been spectrally observed. The release of a bulky group like PPh3 instead of a CO ligand 
upon photolysis is quite a common occurrence in metal-phosphine systems as it places 
less constraint on steric congestion upon intramolecular H-migration.  
 We have shown that the π-allyl iron carbonyl hydride species, 
HFe(CO)3(C3H4OH) to be present and most probably takes part in the catalytic cycle for 
all the three systems investigated here. It was detected directly using FTIR spectroscopy 
under 355 nm photolysis of Fe3(CO)12 and Fe(CO)4PPh3 in the presence of allyl alcohol. 
Although previous literature have indirectly pointed towards the existence of this species 
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by examining the nature of the final products, its direct detection here lends good support 
to the π-allyl mechanism operating for the isomerization of allyl alcohols as opposed to 
the metal-hydride addition-elimination mechanism [8,10]. 
 
4.5. Summary  
The 532nm or 355nm laser-induced photoisomerization of allylic alcohols to 
aldehydes catalyzed by Fe3(CO)12 or Fe(CO)4PPh3 in hexane was investigated. The 
Fourier-Transformed Infrared (FTIR) absorption spectra of iron carbonyl intermediate 
species such as Fe(CO)5, Fe(CO)4(R-C3H4OH) and more importantly, the π-allyl iron 
carbonyl hydride species, HFe(CO)3(R-C3H3OH) [R = H, Me, Ph] have been recorded 
during the catalytic process using Fe3(CO)12 as the catalytic precursor. When 
Fe(CO)4PPh3 was photolyzed with 355nm, HFe(CO)3(R-C3H3OH) was also generated 
indicating the common occurrence of the species in these two systems. The π-allyl 
hydride species is long believed to be one of the key intermediates and its detection here 
lends support to the π-allyl mechanism of the photoisomerization of allyl alcohols.   
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Chapter 8: Methyl Abstraction Kinetics of CpFe(CO)2Me using the 




1.1. Transition metal alkyls 
Transition metal alkyl species continue to be widely studied as they play 
important roles in homogeneous and heterogeneous catalysis, and in biological systems 
[1-3]. Metal alkyl complexes are used as models for catalytic intermediates, especially in 
the Fisher-Tropsch process in which a variety of organic compounds can be generated 
from CO and H2 using iron, ruthenium or cobalt as catalysts [4]. Important industrial 
processes such as alkene polymerization, metathesis, hydrogenation and 
hydroformylation have also been found to involve transition metal alkyls either as the 
catalyst precursor or as key intermediates within the catalytic cycle [5]. In the Monsanto 
acetic acid synthesis, Haynes et al detected and studied the reactivity of a methyl 
rhodium carbonyl intermediate using IR and NMR techniques [6]. Fundamental studies 
on the metal-carbon and metal-hydrogen bond strengths have been widely investigated as 
well [7].  
 
1.2. Methyl transfer from transition metal alkyls 
Some reactions that transition metal alkyls undergo are the methyl migration into 
a metal-CO bond and alkyl transfer. The migration process has often been studied, a well-
known example being RMn(CO)5, for which the migration rate has been found to depend 
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on the length of the R alkyl chain [8]. Direct alkyl transfer reactions are known to occur 
in biological systems and recently, the methyl transfer from an organocobalt(III) to 
nickel(I) species was investigated. This process also serves as a model for acetyl 
coenzyme A synthesis [9]. Methyl transfer reaction rate coefficients to organometallic 
nucleophiles such as Fe(CO)42- and CpFe(CO)2- have been observed for several transition 
metal carbonyl species using an infrared stopped-flow spectrometer [10,11].  However, 
quantitative measurements of the transfer or abstraction rates of transition metal alkyl 
species have not been made and these measurements are vital for gaining a better 
understanding of such reaction mechanistic studies. 
 
1.3. Benzyl radical clock 
Transition metal hydrides are well-known to be the key species in many 
homogeneous catalytic processes. Hydrogen transfer reactions via transition metal 
hydrides have been the subject of many studies. In fact, the kinetics and mechanisms of 
hydrogen atom transfer reactions could be the important basis to the design of radical-
based catalytic strategies. Measurements of hydrogen atom abstraction or transfer rates in 
organometallic species have been performed using radical clock methods. The use of 
radical clocks to quantify the abstraction rates of many transition metal hydrides have 
been reviewed by Ingold [12-14].  
Recently the benzyl radical, PhCH2, has also been utilised as a radical clocks; it 
can either abstract a hydrogen atom from an organometallic hydride to form toluene, or 
undergo self-recombination to form bibenzyl [15]. J.A. Franz et al have successfully 
applied this radical to measure the abstraction rate of hydrogen atom from 
Comment [WK1]: There is only one 
out of these three references that has 
Ingold as author! 
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Cp*Mo(CO)3H [15]. The same radical was also used to abstract terminal and bridging 
hydrides from triosmium clusters and it was found that abstraction rates of bridging 
hydrides were slower than that of terminal hydrides [16].     
 
1.4. Our objectives 
In contrast to the relatively extensive use of radical clocks in the measurement of 
hydrogen atom abstraction rates, their use in the measurement of alkyl abstraction rates 
have not been reported. Herein we would like to report our study using CpFe(CO)2Me as 
an example to demonstrate that it is possible to extend the benzyl radical clock kinetics to 
methyl transfer processes. In our experiment, a xenon lamp was used to photodissociate 
the 1,3-diphenyl-2-propanone (dibenzylketone, DBK) precursor to form the benzyl 
radical. Gas chromatography was then used to determine the relative concentrations of 
the organic products derived from the abstraction process, from which the rate constant of 
methyl transfer from CpFe(CO)2Me to the benzyl radical could be inferred. The kinetics 
of the reactive intermediates and stable products of the reaction were also monitored 
using both time-resolved and linear scan FTIR spectroscopies. Density functional 
methods in Gaussian 98 were used to determine the energetics and transition state 
structure of the methyl abstraction reaction.  
 
2 Experiment 
2.1. Sample manipulations 
Toluene, bibenzyl, ethylbenzene, t-butylbenzene and hexane were purchased from 
Sigma Aldrich and dried and degassed prior to use. Dibenzylketone (1,3-diphenyl-2-
Comment [WK2]: What’s the drying 
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propanone, 98%) was purified by several recrystallizations form hexane solution prior to 
use. Hexane was distilled and dried three times prior to use. CpFe(CO)2Me was obtained 
from Sigma Aldrich and used as received. The osmium hydride cluster species Os3(μ-
H)(H)(CO)10(PPh3), was synthesised according to the literature method [17]. Generally, 
all the sample manipulations were carried out under N2 environment. About 2-10 mg of 
the organometallic carbonyl species, 8-15 ml DBK and 15-20 ml hexane as solvent were 
added into a round-bottomed flask. Oxygen-free nitrogen gas was used to deoxygenate 
the solution before photolysis was initiated. A broadband xenon lamp (200W, 300-700 
nm) was used for the photodissociation of DBK. The reaction mixture was irradiated for 
5 to 20 mins before sampling of the products for GC analysis.  
 
2.2. Gas chromatography analysis 
Gas chromatography (GC) analysis was carried out on a Hewlett-Packard 5890 
Series II equipped with a HP-GC splitless injector, a HP-1 capillary column and a flame-
ionization detector. GC analysis of unphotolyzed samples was performed prior to each 
kinetic run to establish the background concentrations of toluene, ethylbenzene and 
bibenzyl. For GC standardization, a stock solution which is 1.00 x 10-4 M each in toluene, 
bibenzyl, ethylbenzene and t-butylbenzene in hexane was further diluted with a stock 
solution of 1.00 x 10-4 M t-butylbenzene in hexane, to concentration ranges between 5.00 
x 10-7 and 5.00 x 10-5 M. Plots of GC peak area ratios (analyte/t-butyl benzene) versus 
molarity ratios (analyte/t-butylbenzene) yielded linear plots over this concentration range.   
 
2.3. FTIR spectroscopy studies 
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A brief description of the cell used for performing linear and time-resolved FTIR 
spectroscopy on the reaction mixture is given here. It is a stainless steel, static, liquid cell 
with CaF2 windows for passage of the IR probe beam. Absorbance path-lengths of 0.5 to 
5 mm could be accommodated by manual adjustment of the window holders. The cell 
also allowed for placement of quartz or glass windows to permit photodissociation by a 
laser beam propagated at right angles to the IR probe beam. The cell could hold a volume 
of about 40ml of solvent, together with a magnetic bar to provide constant stirring. Inlet 
and outlet ports on each side of the cell allowed for N2 bubbling through the solution if 
required. 
For the detection of intermediates and stable products of the reaction, a 
frequency-tripled Nd-YAG pulsed-laser (Continuum Surelite III-10, 355nm, 10Hz, 20 
mJ/pulse) was used as the photodissociation source. The laser beam was focused by a 
cylindrical lens into an elliptical spot (about 5 mm x 0.2 mm). A significant overlap with 
the FTIR beam propagated at right angles to the laser beam could be achieved this way, 
optimising the sensitivity for radical detection. The infrared range and resolution of the 
Nicolet Nexus 870 FTIR spectrometer were set at 1000-4000 cm-1 and 2-4 cm-1, 
respectively. Linear scan FTIR spectra were taken at intervals of 5 mins after initiation of 
photolysis, with averaging over 16 scans each time. For the time-resolved experiments, a 
digital delay generator (Stanford Research Digital Delay Generator DG 535) was 
employed to achieve synchronization of the FTIR spectrometer with the firing of the 
pulsed laser. An AC-coupled detector (TRS-20MHz HgCdTe) attached with a Ge 
window (for shielding the detector from stray light ) was used so that only changes in the 
IR absorption in steps of 1 μs would be captured.  We have found that only one complete 
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scan of the spectrum, which lasted about 30 mins, was sufficient to produce detectable 
signals of the radicals.  
 
2.4. Computational studies 
Computational studies of the energetics and transition state structure of the methyl 
abstraction process were carried out using density functional theory at the UB3LYP/6-
311+G* level in Gaussian 98. The structure of the reactants, CpFe(CO)2Me and benzyl, 
the products CpFe(CO)2 and ethylbenzene, and the transition state, were optimised and 
their energy minima determined so that the enthalpy and activation energy of the process 
could be calculated.   
The reaction profile for methyl abstraction from CpFe(CO)2Me by benzyl radical 
was studied using the hybrid B3LYP [18,19] density functional method together with the 
triple-split valence polarized 6-311+G* basis set. Spin-restricted calculations were used 
for closed-shell systems and spin-unrestricted ones (i.e. UB3LYP) for open-shell species. 
The structures of the reactants (CpFe(CO)2Me and benzyl radical), products 
(CpFe(CO)2· and ethylbenzene), and transition state for methyl transfer were fully 
optimized at the B3LYP/6-311+G* level.  Harmonic frequencies were calculated at the 
optimized geometries to characterize stationary points as equilibrium structures, with all 
real frequencies, or transition states, with one imaginary frequency, and to evaluate zero-
point energy (ZPE) correction. The free energy of activation (ΔG≠) were computed from 
the equation ΔG≠T = ΔH≠T − TΔS≠, where ΔS≠ is the entropy change and ΔH≠T = ΔH≠0 + 
(H≠T – H≠0). The computed vibrational frequencies and ZPE were scaled by 0.96 and 0.98, 
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respectively [20]. All calculations were performed using the Gaussian 98 suite of 
program [21]. 
   
3. Results and discussion 
3.1. Hydrogen abstraction kinetics of Os3(CO)10H(μ-H)PPh3 
The derivation of the rate constant for the benzyl abstraction from an 
organometallic species was reported previously for CpMo(CO)3H and subsequently used 
for the osmium hydride cluster work as well [15,16]. The photolysis of DBK provides a 
readily accessible source of benzyl radicals. Rate constants were determined in 
competitive kinetic experiments that measured the rate of formation of toluene from 
benzyl radicals in competition with self-termination of benzyl radicals to form bibenzyl 
[2,3]. Under a constant rate of photolysis of DBK and low conversion of the hydrogen 
atom donor, the relationship between toluene, bibenzyl and the hydrogen donor 
concentration over a period of photolysis, ∆t (in seconds), is  
kabs(H) = {[toluene] kt1/2}   /   {[bibenzyl]1/2 [M-H] ∆t1/2}    Eqn 1 
We have also used this expression for determining the abstraction rate of Os3(μ-
H)(H)(CO)10(PPh3) and obtained kAbs(H) = 7.7 x 10-4 M-1s-1 at 298K. This value is in very 
good agreement with the value of 8.2 x 10-4 M-1s-1 previously determined under similar 
conditions and hence demonstrated the reproducibility of the results and the suitability of 
our experimental conditions to conduct further radical clock reactions.    
 
3.2. Methyl abstraction kinetics of CpFe(CO)2Me 
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For the methyl abstraction case, modifications to the equation are required where 
kabs(H), [toluene] and [M-H] are simply replaced by kabs(H) = kabs(Me), [ethylbenzene] and 
[M-CH3], respectively, to yield 
kabs(Me) = {[ethylbenzene] kt1/2}   /   {[bibenzyl]1/2 [M-CH3] ∆t1/2}    Eqn 2 
We found that the increase in the concentration of bibenzyl and ethylbenzene were linear 
over 20 mins of photolysis in a series of three experiments conducted with different 
concentrations of CpFe(CO)2CH3 and DBK. A minute amount of toluene was detected by 
GC (< 3% of ethylbenzene) and hence its contribution was neglected for the calculations. 
The low level of toluene was not surprising since hydrogen abstraction from a strong C-H 
bond in DBK should be much more difficult than Me abstraction from a much weaker 
metal-carbon bond of an organometallic species. A high toluene concentration would 
have indicated that hydrogen atom abstraction from DBK competed with the methyl 
abstraction from CpFe(CO)2Me and this additional pathway would have to be taken into 
account in the calculations. However, our observations lend support to the use of the 
simple formula above for the estimation of the methyl abstraction rate.  
As a control experiment, CpFe(CO)2Me itself was also photolyzed over the same 
irradiation time in the absence of DBK but no products were observed although 
decarbonylation of the compound may have taken place. We have also attempted to 
detect methane and ethane gases that might be released if the methyl group were to 
dissociate upon photolysis. However, even after 2 h of photolysis, the IR spectrum did 
not show any vibrational bands due to these two species. Hence the results here show that 
ethylbenzene was mainly produced by benzyl radical abstraction of CpFe(CO)2Me rather 
than through photodecomposition of the latter.  
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The measured average abstraction rate constant, kabs(CH3) was (1.1 ± 0.2) x 105 M-
1s-1, after substituting the appropriate value for the bibenzyl formation rate constant [15]. 
To our knowledge, this is the first reported quantitative measurement of a methyl transfer 
reaction from an organometallic species using a radical clock. One can perhaps compare 
this value with various determinations of hydrogen atom or methyl transfers, but such 
comparisons are very difficult. For example, the previously measured hydrogen atom 
abstraction rate from CpFe(CO)2H by the α-cyclopropylstyrene radical clock system was 
as high as 109 M-1s-1 [13,14]. On the other hand, the same hydrogen atom transfer rate 
determined with the trityl radical clock was much slower, at 1.2 x 104 M-1s-1 [22]. Thus 
the measured transfer rates are influenced by steric factors as well as by bond energies, 
and are a function of the radical clock employed. Furthermore, hydrogen atom abstraction 
rates for different organometallic hydride species can vary over a wide range; values 
from 1 to 109 M-1s-1 have been reported. Unfortunately, the benzyl radical clock has not 
been used on CpFe(CO)2H yet hence precluding a direct comparison between  the methyl 
abstraction rate of CpFe(CO)2Me and the hydrogen atom abstraction of CpFe(CO)2H. 
Methyl transfer rates to Fe(CO)42- and CpFe(CO)2- anions have been measured previously 
with various transition metal carbonyl species [10,11]. However no reaction was 
observed between CpFe(CO)2Me and Fe(CO)42- which is known to be a very strong 
nucleophile. An ion pairing effect from the Na+ counterion is believed to have reduced 
the electron density on the iron center. However it is again difficult to make comparisons 
here since methyl transfer between metal centers could also differ significantly from the 
corresponding transfer between a metal center and a carbon-centered radical.   
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Scheme 1 below shows the possible reactions for the methyl abstraction of 
CpFe(CO)2Me by the benzyl radical.  
 
(1)    PhCH2COCH2Ph  (+ hν)  →     2 PhCH2 + CO                                         
(2)    PhCH2 + PhCH2   →   bibenzyl                                                                  
(3)    PhCH2 + CpFe(CO)2Me   →   ethylbenzene + CpFe(CO)2 
(4)    PhCH2 + PhCH2COCH2Ph   →   toluene + products 
(5)    2CpFe(CO)2   →   Cp2Fe2(CO)4 
(6)    PhCH2 + CpFe(CO)2  →  CpFe(CO)2CH2Ph 
(7)    CpFe(CO)2Me  (+ hν) →   products 
 
3.3. FTIR spectroscopy of methyl abstraction 
Some of the reaction pathways suggested above have been investigated by 
infrared spectroscopy. The methyl abstraction process was followed by linear scan FTIR 
spectroscopy to record the gradual decay of the precursor and the formation of stable 
products. Figure 1 shows that by far the main organometallic product formed during the 
course of the reaction over two hours was the dimeric [CpFe(CO)2]2 (vCO = 1780, 1965 
and 2003 cm-1 in hexane) in accordance to the above reaction scheme [23]. Upon 
abstraction of the methyl radical from CpFe(CO)2Me, the CpFe(CO)2 radical formed will 
dimerise quickly. We did not observe the CpFe(CO)2CH2Ph product although its 
carbonyl stretches in the infrared spectrum lie very close to the CpFe(CO)2Me bands [24]. 
Nevertheless it should still be possible to observe a shoulder or broadening of the 
CpFe(CO)2Me bands due to the appearance of CpFe(CO)2CH2Ph. These features were 
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not observed throughout 2 hr of photolysis during a linear FTIR scan of the reaction. 
Hence this would suggest that either reaction 6 is slow or that once this species is formed, 
it immediately reacts with the benzyl radical to form bibenzyl and CpFe(CO)2. The 
increased concentration of bibenzyl due to this additional reaction might have caused the 
methyl transfer rate coefficient to be slightly underestimated.   
A time-resolved FTIR spectrum (figure 2) was recorded during the initial stages 
of irradiation and a small signal due to the CpFe(CO)2 radical at 1938 cm-1 was detected 
[23]. Since the signal-to-noise ratio was low, the chemical lifetime of the radical could 
only be estimated to be approximately 6 μs by monitoring the time for its IR signal to 
disappear into the noise level. We have also been unable to record the weaker carbonyl 
band of the radical at 2004 cm-1 because of the low S/N ratio. However, the signal at 
1938 cm-1 was reproducible over many different runs of the reaction. Control 
experiments in which either CpFe(CO)2Me or DBK were absent did not show this signal. 
Although [CpFe(CO)2]2 also photodissociates at 355 nm to yield two CpFe(CO)2 radical, 
we believe that the radical originated from the benzyl abstraction of CpFe(CO)2Me; since 
the TRS spectrum was taken at the initial stages of photoirradiation, there was hardly any 
time for the dimer contribution to build up and contribute significantly to the radical 
concentration. That only a very small amount of the dimer was formed during the first 
twenty minutes of the reaction was confirmed by a linear FTIR scan.  
We have not observed any methyl migration of CpFe(CO)2Me upon photolysis. 
This is perhaps not surprising since the 16-electron intermediate formed after any methyl 
migration is not expected to be stable in the absence of excess CO. It therefore appears 
that a simple methyl abstraction process takes place for the benzyl radical abstraction of 
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CpFe(CO)2Me. Reactions 1,2,3 and 5 are thus the dominant pathways while reactions 4, 
6 and 7 are either minor or absent.  
 
3.4. Theoretical studies of methyl abstraction 
The reaction profile for methyl abstraction from CpFe(CO)2Me by benzyl radical 
was studied theoretically by the B3LYP/6-311+G* level of theory. The optimized 
geometry of the transition state is shown in Figure 3. As with most radical abstraction 
reactions, the Fe···CH3···C framework in the transition state is almost linear (175.2˚). The 
Fe···C breaking bond (2.351 Ǻ) is 14% lengthened compared to that in CpFe(CO)2Me 
(2.056 Ǻ). On the other hand, the C···C forming bond (2.309 Ǻ) is substantially longer 
than the C-C bond in ethylbenzene (1.538 Ǻ).  This clearly indicates that the transition 
state structure is reactant-like and corresponds to an early transition state. This is readily 
expected according to Hammond’s postulate for an exothermic reaction. It is interesting 
to note that the methyl group in the transition state adopts a planar geometry (as indicated 
by the near 120˚ angles), which corresponds to the structure of a methyl radical. Indeed, 
calculation indicates that the spin densities are localized mainly in the Fe atom, methyl 
carbon and methylene carbon of the benzyl moiety in the Fe···CH3···C framework.   
The geometries of the CpFe(CO)2 and benzyl moieties are effectively unchanged 
in the transition state compared to the reactants. It is worth noting that the geometry of 
product CpFe(CO)2
· radical is virtually the same as the reactant CpFe(CO)2Me, for 
instance, the CO-Fe-CO angles are 94.2˚ and 94.8˚, respectively. This methyl abstraction 
reaction is predicted to be strongly exothermic, ΔE0 = −155.1 kJ mol-1 and ΔG298 = 
−159.1 kJ mol-1. Accordingly, this methyl transfer process is inhibited by a small energy 
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barrier, ΔE≠0 = 68.0 kJ mol-1 and ΔG≠298 = 108.0 kJ mol-1. A significantly greater 
magnitude of free energy of activation is attributed to the fact that the transition state is 
more ordered compared to the reactants (i.e. negative ΔS≠). The calculated energetics of 
the methyl transfer process is in accord with the experimental finding. For the 
fragmentation of DBK to benzyl radical, eqn (1), the calculated reaction enthalpy is 245 
kJ mol-1. Thus, the benzyl radical produced after 355 nm (~337 kJ mol-1) photolysis will 
have sufficient energy to overcome the activation barrier in order to produce a 






Figure 1. The production of Cp2Fe2(CO)4 (label a) after 2 hours of 355 nm photolysis of  
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Figure 2. A time-resolved FTIR spectrum showing the production of CpFe(CO)2 radical 
(label a) from the 355 nm photolysis (15 mJ/pulse) of  CpFe(CO)2Me recorded 10 μs 
after initiation of photolysis. Only the stronger of the two IR bands at 1938 cm-1 could be 





















Figure 3. Optimized (B3LYP/6-311+G*) transition state geometry for the methyl 







































The rate constant for the methyl abstraction reaction of CpFe(CO)2Me has been 
measured with the benzyl radical clock as (1.1 ± 0.2) x 105 M-1s-1 at room temperature. 
Time-resolved Fourier-Transform Infrared (FTIR) absorption spectroscopy pointed 
towards the formation of the CpFe(CO)2 radical upon benzyl abstraction. The main stable 
product has been established by a linear scan of the reaction mixture as Cp2Fe2(CO)4 
produced by the dimerization of the CpFe(CO)2 radicals. The transition state structure for 
the abstraction process was also found at UB3LYP/6-311+G* level of theory to contain a 
planar CH3 group. This methyl transfer process is calculated to be exothermic by 
155kJmol-1 and inhibited by a small activation barrier of 68 kJmol-1. 
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